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A B S T R A C T   

Autophagy is mediated by membrane-bound organelles and it is an intrinsic catabolic and recycling process of 
the cell, which is very important for the health of organisms. The biogenesis of autophagic membranes is still 
incompletely understood. In vitro studies suggest that Atg2 protein transports lipids presumably from the ER to 
the expanding autophagic structures. Autophagy research has focused heavily on proteins and very little is 
known about the lipid composition of autophagic membranes. Here we describe a method for immunopur
ification of autophagic structures from Drosophila melanogaster (an excellent model to study autophagy in a 
complete organism) for subsequent lipidomic analysis. Western blots of several organelle markers indicate the 
high purity of the isolated autophagic vesicles, visualized by various microscopy techniques. Mass spectrometry 
results show that phosphatidylethanolamine (PE) is the dominant lipid class in wild type (control) membranes. 
We demonstrate that in Atg2 mutants (Atg2− ), phosphatidylinositol (PI), negatively charged phosphatidylserine 
(PS), and phosphatidic acid (PA) with longer fatty acyl chains accumulate on stalled, negatively charged 
phagophores. Tandem mass spectrometry analysis of lipid species composing the lipid classes reveal the 
enrichment of unsaturated PE and phosphatidylcholine (PC) in controls versus PI, PS and PA species in Atg2− . 
Significant differences in the lipid profiles of control and Atg2− flies suggest that the lipid composition of 
autophagic membranes dynamically changes during their maturation. These lipidomic results also point to the in 
vivo lipid transport function of the Atg2 protein, pointing to its specific role in the transport of short fatty acyl 
chain PE species.   

1. Introduction 

Macroautophagy (autophagy hereafter) is a “self-eating” process of 
eukaryotic cells, during which damaged or obsolete cytoplasmic com
ponents (organelles, proteins, lipids, sugars etc.) are removed and 
degraded in lysosomes [1,2]. Misregulation of autophagy contributes to 
neurodegenarative diseases, cancer, accelerated aging, etc. [3–5]. This 
fundamental catabolic process relies on the biogenesis of unique, very 

dynamic membranes and membrane-bound autophagic vesicles. The 
pathway initiates with the nucleation of a double-membrane structure 
called phagophore (formerly also known as isolation membrane), which 
expands and engulfs a portion of the cytoplasm. After closure and 
sealing, it will form the autophagosome, a double membrane vesicle. In 
the last step, autophagosomes will fuse with lysosomes to form autoly
sosomes, where the sequestered cytoplasmic material will be degraded 
and recycled back to the cytosol [6]. 

Abbreviations: PE, phosphatidylethanolamine; PI, phosphatidylinositol; PS, phosphatidylserine; PA, phosphatidic acid; PC, phosphatidylcholine; Atg, autophagy- 
related; Atg2− , Drosophila melanogaster homozygous viable adult flies of the genotype, 3xmCherry-Atg8a, Atg2EP3697; Control, a homozygous 3xmCherry-Atg8a 
transgenic Drosophila melanogaster line; AFM, atomic force microscopy; RFP, red fluorescent protein. 
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Fluorescence and electron microscopy are widely used to study these 
specific organelles [7–9]. Autophagic structures can be isolated for 
example from human cell lines, yeast, mouse and rat tissues by applying 
subcellular fractionation [10], immunoprecipitation [11–13] or com
bination of these two methods [14]. Fruit flies are an excellent model 
organism to study autophagy in a complete animal as they can be 
genetically manipulated very easily, and about 75% of their genes show 
homology with disease associated human genes, so they can serve as 
models for various human diseases [2,15,16]. 

Autophagosomes are unique organelles regarding their lipid and 
protein composition, morphology and biogenesis. Autophagosome for
mation occurs very rapidly upon induction of autophagy, which requires 
a tremendous amount of membrane source(s). De novo synthesis of 
autophagic membranes is the most enigmatic field of autophagy; almost 
every compartment of the endomembrane system has been implicated in 
this process [17]. Interestingly, also the contact sites between organelles 
such as ER and mitochondria may play an important role in this 
biogenesis event [18]. During phagophore expansion, the synthesis or 
delivery of lipids must be distinctly controlled. Formation of these spe
cific membranes relies on a collaborative work between proteins enco
ded by autophagy-related (Atg) genes and membrane lipids [19]. 

It has been shown recently that Atg2 protein is not only a potential 
tether between ER and phagophores, but it may also transport lipids 
from the ER to promote autophagosome biogenesis [20,21]. Several in 
vitro studies on yeast (and human) Atg2 (Atg2A and B) showed the lipid 
transport activity of this special protein, which is able to transport 
several lipids at once using its hydrophobic cavity [21–24]. A very 
recent discovery is that the fast expansion of autophagic membranes 
after autophagy induction relies on localized “on-demand” de novo 
phospholipid synthesis, by the aid of Acyl-CoA synthetase Faa1 enzymes 
identified on nucleated phagophores in yeast, and the Atg2-Atg18 pro
tein complex may also be involved in this process [13]. The P-element 
induced Drosophila mutant (Atg2EP3697), bearing the transposon inser
tion at the 5′ non-translated region of the Atg2 gene that resulted in a 
strong hypomorphic allele, showed an autophagy defect [25] similar to 
mammalian and C. elegans Atg2 mutants [26,27]. Microscopy and 
biochemical investigations support that loss of Atg2 protein function in 
Drosophila, worms, and also in mammalian cells causes a sealing defect 
of phagophores, leading to accumulation of enlarged phagophore-like 
structures [9,26–31]. Other key players of autophagy are Atg8 pro
teins together with their lipid conjugation (including the E3-like Atg5- 
Atg12-Atg16 complex) and deconjugation machinery. They have 
important roles in the biogenesis of autophagic membranes [32], and 
they are reversebly conjugated to the PE head groups present in the 
membranes of autophagic structures. The two distinct forms of Atg8 
proteins: the non-lipidated Atg8 (Atg8-I) and lipidated Atg8 (Atg8-II) 
are the most widely used autophagic markers, including Atg8a in 
Drosophila [33,34]. 

Lipids are largely unexplored players of the phagophore biogenesis 
machinery. The major structural lipids in eukaryotic membranes are 
glycerophospholipids, sphingolipids and sterols [35–37]. The most 
abundant glycerophospholipid classes of Drosophila are: phosphatidyl
ethanolamine (PE), phosphatidylcholine (PC), phosphatidylserine (PS), 
phosphatidylinositol (PI) and less abundant lipid classes are phospha
tidylglycerol (PG) and phosphatidic acid (PA) [38–41]. PC accounts for 
more than 50% of the phospholipids in most eukaryotic membranes. 
Interestingly, in Drosophila, PE is the most abundant structural lipid and 
also a component of the lipoproteins (like Atg8), in contrast with more 
PC-centric lipidome of mammalian cells [38]. These main lipid classes 
differ in the chemical composition of their head groups and in length and 
saturation level of their fatty acyl chains [42]. This determines the shape 
and physicochemical behavior of these lipid molecules, such as phase 
transition properties and thickness of the membranes. All these prop
erties influence membrane curvature and fusion events [35,37,43]. 

Lipids are not only structural components of the membranes but they 
also play a regulatory role in cellular processes, such as autophagy 

[44,45]. Inactivation of Desat1 (desaturase coding gene, responsible for 
double bond generation) in Drosophila resulted in an autophagic defect: 
autolysosomes could not form properly [46]. Glycerolipids play 
important roles in the initiation of autophagy, elongation of phag
ophores, autophagosome maturation as well as in autophagosome- 
lysosome fusion. Different phosphorylated forms of PI including PI3P, 
PI4P, PI(4,5)P2, PI(3,5)P2 are also found in autophagic membranes, as 
different types of kinases present at these membranes are responsible for 
their generation. Although they are minor lipids (representing less than 
1% of total lipids), together with PE they play important roles in auto
phagosome biogenesis by influencing the recruitment of specific pro
teins to the membrane [6,47]. Interestingly, phosphatidic acid (PA) 
molecules may directly affect the physicochemical properties of lipid 
bilayers independently of protein effectors [44]. 

In this study, we established a method for isolating autophagic 
structures from adult Drosophila melanogaster, which we optimized for 
subsequent lipidomic investigations. Deciphering the lipid composition 
of autophagic membranes is crucial to fully understand the mechanism 
of autophagy. Using powerful Drosophila genetics and the advantage of 
high-throughput mass spectrometry, we point to the important in vivo 
lipid transport function of Atg2 protein. 

2. Materials and methods 

2.1. Fly work 

Flies were kept on standard medium consisting of cornmeal, sucrose 
and yeast at 25 ◦C. The Atg2EP3697 EP element insertion line [25,48] 
(FlyBase ID: FBal0123243) was obtained from the Bloomington 
Drosophila Stock Center (BDSC). The 3xmCherry-Atg8a autophagic re
porter stock was published from our lab earlier [49]. For isolating 
autophagic membranes we used 4-h starved homozygous 3xmCherry- 
Atg8a; Atg2EP3697 adult flies (Atg2− from here after), generated by 
standard genetic methods. We used as control a homozygous 3xmCherry- 
Atg8a transgenic line. Control flies were also starved (transferred to 
medium–free tubes) for 4 h before autophagic membrane isolation. 
Starved flies were collected, snap frozen in liquid nitrogen and were 
stored at − 80 ◦C until further use. 

2.2. Homogenization of adult flies 

A mixture of male and female flies was cryogenically homogenized 
by liquid nitrogen, using mortar and pestle. To obtain enough amounts 
of membranes for lipidomic analysis we doubled the amount of control 
flies (400 mg) compared to those of Atg2− flies accumulating autophagic 
structures (200 mg). Homogenized fly powder was resuspended in 
buffer containing 250 mM sucrose, 20 mM HEPES, 1 mM EDTA, with 
freshly added protease inhibitors: 1 mM PMSF, 1 mM Aprotinin and 1 
mM Leupeptin to a final volume of 1 ml (in case of control 2 × 1 ml). 
Homogenate was centrifuged at 3000 g for 15 min at 4 ◦C in order to get 
rid of unwanted material. The supernatant was used for the further 
experiments. 

2.3. Direct Immunoprecipitation 

First, we performed the pre-clearing of the lysate by using pre- 
blocked beads (binding-control magnetic agarose beads, Chromotek, 
bab-20). At each step of the immunprecipitation assay we collected 50 μl 
of supernatant for validation purposes (input, flow through/unbound 
fractions) and mixed with the same volume of 2× Laemmli buffer 
(Sigma, S3401–10VL), boiled at 100 ◦C for 6 min (these samples were 
used for SDS-PAGE separations). For pre-clearing, 1 ml of homogenate 
was added to 25 μl of pre-blocked equilibrated magnetic beads and 
rotated for 1 h at 4 ◦C. For bead equilibration we used 3 × 500 μl of ice- 
cold dilution buffer (10 mM Tris/HCl pH 7.5, 150 mM NaCl, 0.5 mM 
EDTA). Supernatant was obtained by using magnetic separator 
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(DynaMag − 2). Pre-cleared supernatant was transferred to 25 μl of 
equilibrated RFP-TRAP_AM beads (Chromotek, rtma-20) for binding, 
followed by 1 h incubation at 4 ◦C with continuous rotation. After 
binding, the beads were washed 5 times with 500 μl of dilution buffer. 
We proceeded to elution by adding 50 μl of elution buffer (0.2 M glycine 
pH 2.5) and constantly pipetted up and down for 60 s, followed by 
magnetic separation. The eluate fraction was transferred to a new tube 
and immediately neutralized with 5 μl of 1 M Tris base (pH 10.4). To 
increase elution efficiency, this step was repeated once again. The first 
and the second eluted fractions were used either separately (for Western 
blot) or combined together (for Western blot, microscopy and mass 
spectrometry analysis). 

2.4. Western blot 

Proteins were separated by denaturing SDS-PAGE (10 or 15% gels) 
and transferred to Immobilon-P PVDF FL membranes. The membranes 
were incubated with the appropriate primary antibodies diluted in 10 ml 
Odyssey PBS blocking buffer, containing 0.1% Tween-20 (2 h, RT). 
Membranes were washed 4 × 7 min with PBST, followed by incubation 
with Li-COR fluorescent secondary antibodies diluted in Odyssey buffer, 
containing 0.1% Tween-20 and 0.01% SDS (1 h, RT). Finally, after 3 ×
10 min washes with PBST, 1 × 10 min with PBS, 1 × 1 min with dH2O, 1 
× 1 min with methanol, membranes were dried under a laminar air flow 
chamber for 20 min. The signal was detected with Odyssey fluorescent 
scanner, using Li-COR Image studio software. Blots were incubated with 
the following primary antibodies: rabbit monoclonal anti-GABARAP 
ab109364 (abcam) [1:2000], rabbit polyclonal anti-Atg5 A0856 
(Sigma) [1:1000], mouse monoclonal anti-ATP5A ab14748 (abcam) 
[1:5000], mouse monoclonal anti-Cnx99A 6–2-1 (DSHB) [1:2000], 
rabbit polyclonal anti-Rab5 ab31261 (abcam) [1:1000], mouse mono
clonal anti-Rab7 CG5915 (DSHB) [1:100], rabbit polyclonal anti- 
cathepsin L ab58991 (abcam) [1:1000] and mouse monoclonal anti- 
α-Tubulin AA4.3 (DSHB) [1:2000]. Species specific fluorescent second
ary antibodies were used (Li-COR) [1:15000]. 

2.5. Fluorescent microscopy 

10 μl of the eluted fractions were pipetted onto a glass slide, mounted 
with a glass coverslip and immediately imaged in a Zeiss Axioimager M2 
microscope equipped with Apotome 2 module and a Plan-Apochromat 
100 × 1.40 oil immersion objective. Raw images were processed in 
Zen 2 (Zeiss) software. Weak image deconvolution was performed to 
improve image sharpness from the ‘Apotome’ tab of Zen 2 and images 
were exported after adjusting brightness and contrast levels to remove 
noise. From these images, manual counting of the diameter of 
3xmCherry-Atg8a positive structures (n = 70) was performed in ImageJ 
(NIH) and statistics were performed in Graph Pad Prism. Statistical 
testing was performed by Mann-Whitney U test. 

2.6. Atomic force microscopy (AFM) instrumentation and sample 
preparation 

All experiments were carried out with an MFP-3D atomic force mi
croscope and controller (Asylum Research, Santa Barbara, CA; driving 
software IgorPro 6.32A, Wavemetrics). Aluminium backside-coated 
silicon cantilevers (Olympus, AC240) with nominal spring constant of 
2 N/m, resonant frequency of 70 kHz in air, were used. All cantilevers 
were calibrated prior to experiments with the help of the driving soft
ware of the instrument using the Sader method [50]. Images were ac
quired using alternate-contact mode in closed loop in air medium at 
room temperature having 512 scan lines by 512 scan points. Background 
level correction and flattening was applied to each image to correct for 
eventual sample tilt. 

5 μl of eluted fraction was dropped onto a freshly cleaved mica 
surface, and then let dry. Salt depositions from buffer were removed by 

gently washing with 200 μl of water, then dried again under high purity 
air flow (RH < 5%). 

2.7. Lipid extraction from isolated autophagic membranes 

Total lipids were extracted from eluted fractions (stored at − 80 ◦C 
before isolation) of RFP-Trap immunoprecipitation experiments, ac
cording to Folch [51] and Bligh and Dyer [52] with small modifications. 
Eluted fractions were diluted with aqueous solution (final volume 1 ml) 
and 1 ml chloroform and 2 ml methanol were added. To protect our 
polyunsaturated lipids from oxidation 0.01% BHT (butylated hydrox
ytoluene) was added to the chloroform. After 30 min incubation period 
at 25 ◦C, 1 ml chloroform and 1 ml water were added. After phase 
separation happened, we collected the lower, lipid containing phase. 
Afterwards, combined lipid extraction was performed by adding 1 ml 
chloroform to the sample (this step was repeated three times). The 
combined lower (chloroform) layers were washed with 0.5 ml of 1 M KCl 
and then once with 0.5 ml of H2O. The solvent was evaporated under 
nitrogen gas using MD200 sample concentrator and the lipid extract was 
dissolved in 0.5 ml of chloroform/methanol (1:2), transferred to 2 ml 
clear glass vials with Teflon-lined screw cap and stored at − 80 ◦C. Before 
shipping the samples to mass spectrometry analysis, the solvent was 
evaporated and the tube was filled with nitrogen. 

2.8. Mass spectrometry analysis of lipid extracts 

Lipidomic analysis of these total lipid extracts was performed at the 
Kansas Lipidomics Research Center Analytical Laboratory, using their 
tandem MS-based method [53,54]. The lipid extract was prepared in 
300 μl total volume. This was injected into the loop of the XEVO- 
TQS#WAA627 mass spectrometer for analysis. The background sub
traction used the standard in front of each set of replicates for subtrac
tion of contaminants. The amounts are reported as normalized signal/ 
mg protein. This means that we are comparing the signals for the peaks 
in the sample to the signals for peaks of internal standards that were 
added in known amounts and we are reporting the data so that the signal 
that is represented as 1 = the same signal as 1 nmol of internal standard 
(usually with an adjustment for variation in response with m/z). Thus, 
the numbers that we report as normalized signal/mg protein for phos
pholipids can be considered to be equal to nmol/mg protein. To avoid 
many zeros, we report the data as picomol/mg protein. We also calcu
lated the mol% of the lipids (relative amount of that compound 
compared to other compounds in the sample). The mol% of lipid species 
are averages of three (control) and four (mutant) independent biological 
replicates. Double bond indices of different lipid classes were calculated 
similarly as described in Falcone et al. [55], using the following equation 
[
∑

(% of normalized signal intensity/mg protein of lipid species × no. of 
double bonds)] / 100. 

2.9. Protein content measurement 

The protein content of the eluted immunoprecipitated fractions 
(ranging from 0.01683 mg to 0.0444 mg) prior to lipid extraction was 
measured with DeNovix DS-11FX spectrophotometer using the Easy
Apps software. 

2.10. Statistics and reproducibility 

Lipid statistical analyses were carried out using Microsoft Excel, 
OriginPro 8, and treated statistically by a t-test at significance level of at 
least p < 0.05, defined by Microsoft Excel. Significance levels in figures 
are designated as *p < 0.05, **p < 0.01, ***p < 0.005. 
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3. Results 

3.1. Immunopurification of autophagic structures 

To isolate autophagic structures we used the 3xmCherry-Atg8a 
transgene carrying Drosophila control animals. We starved the control 
flies for 4 h before sample processing to enrich for autophagic structures. 
To isolate only phagophores, as well as to study the effect of Atg2 lipid 
transport protein loss on the lipid composition of initial autophagic 

membrane structures, we used Atg2− flies. To further enrich the auto
phagic structures in the mutant, the same starvation period was applied 
as in case of control flies. Autophagic organelles were isolated by 
immunopurification-assay and validated by biochemical approaches 
along with microscopy methods as follows. 

3.1.1. Isolation of autophagic structures by RFP-trap 
Cytosolic fractions of the flies were obtained after cryohomogeni

zation. Highly specific RFP-Trap was used for immunpurification of 

Fig. 1. Immunopurification of autophagic structures from Drosophila control and Atg2− used for lipidomic analysis. A) Schematic representation of the main steps of 
autophagic structures isolation procedure, as well as the experimental setup for validation of isolated fractions and for their lipid profiling. Frozen flies were ho
mogenized gently (with mortar and pestle) using liquid nitrogen (until fine powder formed). Immunoisolation was carried out by using RFP-Trap, recognizing the 
3xmCherry-tag of Atg8a autophagic marker protein. Prior to RFP-trap loading, the lysate was pre-cleared with “binding-control magnetic agarose beads” (which have 
the same magnetic agarose matrix as the RFP-Trap) to get rid of unspecific binding of other organelle membranes. Biochemical and microscopy methods were used 
for validation of the isolated autophagic structures. Lipids were isolated from these intact organelle membranes and analyzed by tandem mass spectrometry. B) 
Immunoblotting of pre-cleared lysate (input) and isolated autophagic structures (eluate) were used to validate the enrichment of isolated autophagic structures by 
using an anti-GABARAP antibody recognizing both non-lipidated, cytosolic (3xmCherry-Atg8a-I) and lipidated (3xmCherry-Atg8a-II) Atg8a, autophagic membrane- 
associated marker protein. Anti-Atg5 antibody was used to detect the presence of the Atg5-Atg12 conjugate, a marker of early autophagic structures. The high purity 
of isolated structures is shown by using antibodies against several organelle membrane specific marker proteins (ATP5A: mitochondria; Cnx99A: ER; Cathepsin-L: 
lysosome; Rab5: early endosome; Rab7: late endosome). The cytosolic α-Tubulin served as loading control. 
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autophagic structures from the lysed flies. The RFP-Trap Magnetic 
Agarose consists of an anti-Red Fluorescent Protein (RFP) Nanobody, 
which is covalently bound to magnetic agarose beads and they can 
specifically recognize the mCherry-tag of our autophagic marker protein 
(3xmCherry-Atg8a). The lysate was pre-cleared before loading to the 
RFP-Trap, to avoid unspecific binding of other organelle membranes. 
For pre-clearing, we applied the “binding-control magnetic agarose 
beads” having the same magnetic agarose matrix as the RFP-Trap. The 
autophagic structures were eluted from the magnetic beads by a pH shift 
and these intact vesicles were used for characterization of their lipid 
composition (Fig. 1A). 

3.1.2. Validation of isolated autophagic structures by Western blot 
To verify the presence of autophagic structures (on the level of 

proteins) in our eluted fractions we performed Western blots of these 
fractions along with the pre-cleared lysate (Fig. 1B). Our autophagy 
marker proteins that served as the prey for the anti-RFP bait, 
3xmCherry-Atg8a-I and -Atg8a-II, were enriched in the eluted fractions. 
The Atg5-Atg12 conjugate that is a common marker of early autophagic 
structures such as phagophores [56] was also enriched in the eluted 
fractions of control and Atg2− flies. To screen for the purity of auto
phagic structures we performed Western blots for a wide range of 
organelle-specific marker proteins including mitochondria (ATP5A), ER 
(Cnx99A), lysosomes (Cathepsin-L), early (Rab5) and late endosomes 
(Rab7). All of these organelle marker proteins were present in the lysate, 
but they were under the detection limit in the autophagic marker 
protein-enriched eluted fractions. Importance of pre-clearing of the 
lysate is illustrated by Fig. S1. Western blots of immunprecipitation 
fractions without the pre-clearing step show the unspecific binding of 
some organelle membranes like mitochondria, as well as cytosolic pro
teins (like α-Tubulin). Thus, applying the pre-clearing step during the 
isolation protocol ensures the high purity of the isolated autophagic 
structures as well as the specificity of the method (Fig. 1B). 

3.1.3. Validation of the isolated autophagic structures by microscopy 
Since Western blot can only give information about proteins, to make 

sure that the identified autophagic marker protein Atg8a is associated 
with membranes, we applied fluorescence microscopy using the 
advantage of the native fluorescent mCherry tag of this marker protein. 
In eluted fractions from control and Atg2− flies we can observe a big 
variety of Atg8a-decorated autophagic vesicles with an average size of 
around 400–600 nm (Fig. 2A and B): “semi-circle” like structures (initial 
autophagic structures: phagophores in early or middle stages of their 
expansion), phagophores which are ready to close, and sealed phag
ophores (autophagosomes). In the Atg2− flies we can detect enrichment 
of unsealed phagophores (Fig. 2A) and their average sizes were smaller 
than in case of control flies (Fig. 2B). Resolution of this technique does 
not permit to differentiate clearly between the closed or ready to close 

structures, but according to prior literature we expect to have mostly 
unsealed vesicles in Atg2− flies [9,26–28]. 

We examined the eluted fractions with Atomic Force Microscopy 
(AFM), too (Fig. S2). AFM is a good complementary technique to 
monitor vesicle-like structures. As the instrument provides real three 
dimensional data, the size and volume characterization is easy and does 
not require difficult post processing. The studied and presented objects 
appear round shaped, with a size of a few hundred nanometers in 
diameter (Fig. S2A). The height of the flattened vesicles is slightly above 
20 nm (Fig. S2B), which is roughly four fold the thickness of a lipid 
bilayer [57]. 

3.2. Lipid profiles of Drosophila autophagic membranes 

After we elucidated the presence of autophagic marker proteins as 
well as membrane-surrounded autophagic vesicles in the eluted frac
tions, we isolated the lipids from these intact organelles. We applied a 
highly sensitive method, tandem mass spectrometry (lipidomics) to 
identify the lipid composition of control and Atg2− autophagic struc
tures. This method allows us to detect lipids present even in the pico
molar range. We identified a wide range of lipid species belonging to 
various lipid classes with shorter vs. longer, saturated vs. unsaturated 
(polyunsaturated) fatty acyl chain combinations. The amount of lipids 
were double normalized, first to the internal standards added in known 
amounts as well as to the protein content of the eluted fractions, which 
we used for lipid extraction. Our lipidomic data were filtered carefully, 
taking into consideration the known lipids and their biosynthetic path
ways in Drosophila, excluding also any possible overlapping species. 

3.2.1. Phospholipids, the building blocks of autophagic membranes 
The applied lipid isolation method and lipidomic approach made 

possible the identification of several (around 70 species) amphipathic 
phospholipid molecules composing the lipid bilayer of autophagic 
membranes, in both control and Atg2− flies (Fig. 3). In control flies, the 
majority of the phospholipids belongs to PE (67 mol%), followed by PC 
(16 mol%) and PI (9 mol%) groups. PS (2 mol%) and PA (5 mol%) were 
less abundant. In contrast, the Atg2− structures exhibited much lower 
amounts of PE compared to the control flies, while PC levels remained 
unchanged. As a compensatory effect, we can observe a significant in
crease in the PI, PS and PA levels in the Atg2− flies (Fig. 3A). Total lipids 
were composed of various fatty acid containing species (pairs of fatty 
acids), ranging from 32 carbon atom containing species (32C) to 38C 
long species. Fig. 3B shows a clear shift in the fatty acyl chain lengths in 
autophagic structures of Atg2− flies. Longer fatty acyl chains are 
dominant in the mutant, while in the control the shorter fatty acid 
containing species are the most abundant ones. 

Fig. 2. Visualization of isolated mCherry-Atg8a structures. A) Fluorescence microscopy was used to image eluate fractions of Drosophila control and Atg2− flies. Red 
arrows indicate closed phagophores (autophagosomes), while yellow arrows indicate open ones. B) Diameter of mCherry-Atg8a structures (n = 70) isolated from 
control and Atg2− . Statistical testing: Mann-Whitney U test. 
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3.2.2. Specific lipid species composing the autophagic membranes 
Fig. 4 summarizes the wide range of lipid species and their amounts 

belonging to individual lipid classes from control and Atg2− autophagic 
structures. Lipid species belonging to PE, PC, PS showed larger variety 
compared to PI and PA species. The level of monounsaturated PE (32:1, 
34:1) and those of polysunsaturated PE (32:2, 36:4) species were 
significantly decreased in the Atg2− compared to the control (Fig. 4A). 
In case of PC we could not detect significant changes, but it is worth to 
mention the absence of PC (36:0, 38:4, 38:3, 38:2 38:1) species from the 
Atg2− (Fig. 4B). Changes in case of PI species belonging to Atg2− points 
to an opposite direction compared to those observed before with PE and 
PC species (Fig. 4C). Atg2− derived autophagic membranes exhibit large 
amounts of PI (36:3, 36:2, 36:1, 38: 2, 38:1), but some PI species like 
34:2 are decreased or 34:1 is even undetectable in the mutant. The 
negatively charged PS (34:1, 36:5, 36:0) species are highly abundant in 
Atg2− (Fig.4D). Levels of species belonging to the lipid biosynthetic 
pathway intermediate, such as the PA (32:2, 32:1, 34:3, 34:1, 36:3) were 
significantly increased in Atg2− compared to the control (Fig. 4E). 

3.2.3. Autophagic membranes are highly unsaturated 
To get an overview of the unsaturation level in autophagic mem

branes of different stages, we calculated the mol% of lipid species 
belonging to the saturated (no double bonds) and unsaturated (one or 
more double bonds) categories (Fig. 5A). In case of control flies, almost a 
third of the species (63.4%) were unsaturated from the total lipids 
derived from autophagic structures, and in Atg2− flies, these exhibited 
even higher percentage of unsaturation (86%). The dominance of un
saturated lipids is indicated also by the unsaturated over saturated lipid 
ratios, which show greater numbers in case of membranes originating 
from Atg2− flies (Fig. 5B). To get a more detailed picture about the 
degree of unsaturation of the autophagic membranes, we determined 
the double bond indices of control and Atg2− flies on the basis of lipid 
species percentage and total double bonds identified by lipidomics. 
Table 1 compares the double bond indices of total lipids and those of the 
different lipid classes originating from autophagic membranes in control 
and Atg2− flies. There are no significant differences between the double 

bond indices of PC and total lipids. By contrast, important double bond 
index increases are seen for PS, PA and PI in Atg2− flies when compared 
to those of the control flies. 

4. Discussion 

Interestingly, autophagic membranes are composed mainly of lipids 
and contain very few proteins [1]. While autophagic proteins are 
intensively studied, we know much less about the lipids of the auto
phagic membranes. The exact lipid composition of autophagic structures 
at different stages - phagophores, autophagosomes and autolysosomes - 
are poorly characterized in any organism. 

In this study, we propose a fast and easy biochemical method for the 
immunopurification of autophagic structures from a whole organism 
(Drosophila melanogaster) and characterize their lipid composition. 
Schematic Fig. 6 illustrates our concept and methodology of isolation, as 
well as summarizes the lipids composing the autophagic membranes of 
control and Atg2− flies. It also highlights the consequences of the lack of 
Atg2 lipid transport protein on the lipid composition of phagophores and 
reveals some of the physical properties of these autophagic structures. 
Lipids of membranes are highly dynamic; they adapt very easily to 
environmental changes [37]. 

We show the successful purification of the autophagic structures by 
using the advantage of RFP-Traps, recognizing mCherry-tagged Atg8a, 
the autophagy specific marker protein in control and Atg2− flies. This 
protein co-purified with an early autophagic marker, the Atg5-Atg12 
protein complex, confirming the autophagic nature of the isolated ves
icles present in the eluted fractions. Autophagy is always occurring at a 
basal activity in cells, which can be enhanced by starvation. Enrichment 
of autophagic structures can be induced not only by starvation but also 
by applying chemical autophagy inhibitors. In this study, we tried to 
avoid the use of chemicals to tend toward more natural circumstances. 
The unique advantage of using a whole organism from the lipidomics 
point of view is that during the complex communication between 
different organs, lipids are subject to richer environmental stimuli than 
in cell cultures in vitro. This strongly influences the lipid composition of 

Fig. 3. Phospholipid profiling of autophagic membranes isolated from Drosophila control and Atg2− . A) The main lipid classes composing autophagic membranes are 
PE (phosphatidyl-ethanolamine), PC (phosphatidylcholine), and PI (phosphatidylinositol). The less abundant lipids in controls are: PS (phosphatidylserine) and PA 
(phosphatidic acid). This ratio changes in Atg2 mutants, resulting in a significant increase of PI, PS and PA levels with a concomitant drop in PE. B) Fatty acid chain 
lengths (denoted as number of carbon atoms) of total lipid species belonging to various headgroups. Mol% distribution data are means ± SD (n = 3 for control and n 
= 4 for Atg2− flies). Statistically significant differences (based on t-tests) in figures are designated as *** for p < 0.005. 
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Fig. 4. Lipid species profiling of Drosophila control and Atg2− mutants. Amount of lipid species belonging to PE (panel A), PC (panel B), PI (panel C), PS (panel D) 
and PA (panel E) lipid classes. Data are means ± SD (n = 3 for control and n = 4 for Atg2− flies). Absolute lipid amounts in pmol are normalized to the protein content 
of the eluted autophagic membrane fractions. Significance levels (t-test) in figures are designated as *p < 0.05, **p < 0.01, ***p < 0.005. Lipid species are denoted as 
total carbon number: total double bond. The identified lipid species are belonging to the following lipid classes: PE (phosphatidyl-ethanolamine); PC (phosphati
dylcholine); PI (phosphatidylinositol); PS (phosphatidylserine); PA (phosphatidic acid). 
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isolated membranes, because of the high rate of lipid remodeling events 
upon different environmental stimuli. We isolated a mixture of auto
phagic structures originating from all the different organs of the flies 
including brain, salivary gland, and fat body etc., which are favorably 
used in autophagy research. By using Atg2− flies we were able to enrich 
phagophores compared to the control flies where we have a mixture of 
phagophores and autophagosomes. Due to the autophagosome matu
ration process, Atg8 is deconjugated from the outer membranes of 
autophagosomes before fusing with endosomes or lysosomes [45]. This 
process prevents the extraction of amphisomes and autolysosomal 
structures from control animals, which serves as an advantage for us to 
avoid lysosomal or endosomal membrane lipids in our system. 

We optimized our isolation protocol to be compatible with down
stream lipidomic investigations. A great emphasis was placed on the 
degree of purity and integrity of the membranes (avoiding the use of 
detergent during immunopurification). Our immunoblot analysis of 
several organelle marker proteins suggests the high purity of the isolated 
autophagic organelles. We tested especially those organelles which can 
establish physical contact with autophagic structures (ER, lysosomes, 
endosomes, and mitochondria) [18]. 

Not only the purity, but also the visualization of these autophagic 
vesicles was an important issue for further lipidomic analysis. Our 
fluorescence microcopy approach, the most widely used and accepted 
technique to identify autophagy related organelles, confirmed the 
presence of vesicle-like structures (open or sealed) in our 

immunopurification eluted fractions. The average size of these vesicles 
(in the range of 400–600 nm) correspond well to the literature data [15]. 
AFM microscopy showed the three dimensional picture of autophagic 
structures and their membrane height verifies the double membrane 
nature of the isolated autophagosomes. The observed smaller sizes of the 
vesicles in the Atg2− is in correlation with the in vitro studies where they 
demonstrated that the size of the liposome is important in the lipid 
transport activity of Atg2− : smaller liposomes are preferred, indicating 
that Atg2 functions potentially at isolation membrane-ER exit contact 
sites [21]. 

Our work describes the phospholipid composition of phagophore and 
autophagosome membranes in the wild-type (control) flies (see a short 
summary in Fig.6). We used adult flies for the isolation to reduce the 
contaminants of triacylglycerols from the fat body tissues, which are 
overrepresented in larvae. The lipidome of Drosophila shows high vari
ations from different developmental stages as well as from different 
organs [38,40]. Our isolated autophagic structures represent the 
average lipid composition originating from different tissues of the body, 
which is dominated mainly by PE species. PE molecules are preferred by 
Atg8 type autophagic proteins. The covalent anchorage of Atg8 to PE 
can actively change the properties of the membranes, which is important 
for dynamic shape changes during autophagosome formation [47]. The 
fatty acid combinations of PE species bound to this protein is not yet 
known, but it would be interesting to explore in the future. Regarding 
the length of fatty acids esterified to the glycerol backbones; these are 
mainly in the 32C or 34C range (shorter fatty acids). More than half of 
the total lipids originating from the autophagic structures are unsatu
rated; mainly PE and PC contribute to this high degree of unsaturation 
level (see Table 1), as suggested earlier by other biochemical methods 
such as imidazole-buffered osmium tetroxide impregnation in mouse 
hepatocytes [58], as well as in case of yeast autophagic membranes [13]. 

We demonstrate that our immunoisolation protocol, as well as our 
Atg2− flies are suitable for characterization of specific autophagic 
membranes (like phagophores), as well as to follow the consequence of 
Atg2 lipid transporter loss on the phosopholipidome of these autophagic 
structures (see a short summary in Fig.6). Autophagic structures isolated 
from Atg2− flies exhibited substantially different lipid composition 
compared to control flies. According to our size measurements, control 
flies contained mainly autophagosomes in contrast with mostly phag
ophores isolated from Atg2 mutants, which may also contribute to the 
difference seen in lipid profiles. In Atg2− phagophore membranes the 
most dominat lipid class is PI (more than 40%), the precursor of PIP 

Fig. 5. Autophagic membranes from Drosophila control and Atg2− are highly unsaturated. A) Mol% distribution of saturated and unsaturated total lipids in auto
phagic structures of control and Atg2− flies. Data are average of three (control) or four (Atg2− ) biological replicates. B) Unsaturated versus saturated lipid ratios were 
calculated from the total identified lipid species. Data are mean ± SD (n = 3 for control and n = 4 for Atg2− flies). Significance level (t-test) is designated as *p < 0.05. 

Table 1 
Double bond indices of various lipid classes, as well as total lipids, from auto
phagic membranes of control and Atg2− flies.  

Lipid class Double bond index of lipid species Statistical data 

Control ± SD Atg2− ± SD p-Value Significance level (*) 

PC 1.2 ± 1.0 0.5 ± 0.4  0.144 NA 
PI 0.4 ± 0.1 1.7 ± 0.6  0.01 * 
PS 0.1 ± 0.0 0.6 ± 0.2  0.002 *** 
PE 1.7 ± 0.7 0.6 ± 0.1  0.01 * 
PA 0.3 ± 0.1 0.7 ± 0.1  0.001 *** 
Total lipid 3.7 ± 1.5 4.2 ± 1.0  0.305 NA 

Double-bond indices were calculated as described in the Materials and Methods. 
± SD values were calculated from 3 (control) or 4 (Atg2− ) biological replicates. 

* Significance levels (t-test) are designated as p < 0.05. 
*** Significance levels (t-test) are designated as p < 0.005. 
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species identified earlier in autophagic membranes, which are the most 
studied lipids concerning their regulatory roles during autophagy. PI3P 
dynamics followed by the Atg18 family PI3P effectors WIPI1 and WIPI4 
proteins can facilitate the potential ATG2-mediated transfer of lipids 
from the ER to the phagophores. PIPs provide negative charges to the 
membranes, which facilitates the lipid transfer activity of Atg2 and also 
the unidirectionality of lipid transfer from ER to negatively charged 
phagophores enriched in PI3P species [23]. Other phophoplipids 
including PS, PA, PE and PC contribute above 10% each to the total 
identified lipids. The high proportion of also negatively charged PS and 
PA in the mutant also contributes to the negative charges of the phag
ophores. It has been shown also in another in vitro study that presence of 
PS in the liposomes accelerated the lipid transport activity of human 
Atg2B protein [24]. 

Another impressive feature of Atg2− membranes is their high unsa
turation levels, mainly caused by accumulation of polyunsaturated PS 
(36:5), PI (36:2, 36:3) and PA (34:3) species. Membrane fluidity in
creases with the degree of unsaturation, because double bonds generate 
kinks in the fatty acyl chains and result in lipids to be loosely packed 
[43]. These features help the phagophores to recruit Atg proteins as well 
as their fast reorganization to enclose cytosolic cargo. PA has been 
shown to play important roles in membrane curvature generation. The 
increased PA levels of Atg2− flies suggests the highly curved nature of 
phagophores, which are in agreement with earlier observations that 

Atg2 prefers to tether highly curved liposomes [21]. The presence of 
curvature-generating lipids are important for other Atg proteins, too: the 
curvature-sensing Atg3 involved in lipidation of Atg8a, as well as for 
Atg8-dependent membrane tethering and fusion events, which are cur
vature dependent and contribute to the in vivo biogenesis of autopha
gosomes [59]. 

Interestingly, there is a huge drop in the PE level of Atg2− flies 
suggesting that Atg2 might have a role in transporting of these PE (32:1, 
34:2, 36:2) molecules from ER to the expanding phagophores. These 
results corroborate a recently published paper showing co- 
crystallization of yeast Atg2 with a PE molecule [21]. In vitro assays of 
purified human Atg2A protein confirmed the binding and transport 
capability of mainly PE, PC molecules, and less favored were the PI or PS 
molecules [22]. Although the overall PC level did not change signifi
cantly in the mutant, some PC species (like: 36:0, 38:4, 38:3 and 38:2) 
were not detectable in Atg2− flies compared to the control animals. 
These also suggest the possible role of the Atg2 proteins in their trans
port. A shift toward longer fatty acyl chain-containing lipid species in 
Atg2− phagophores may indicate their distinct biophysical properties. 
Since Atg2− flies manifested sealing and fusion defects we cannot 
exclude a minor effect of impaired autophagy on their phagophore lipid 
composition, too. 

Fig. 6. Establishment of an easy and rapid biochemical protocol for isolation of various intact autophagic structures from Drosophila adult flies, optimized for 
lipidomic analysis. Up (↑) and down (↓) arrows indicate the directions of changes observed in the Atg2− flies compared to control lipid profile. Possible “favorite” 
lipid species of Atg2 lipid transporter are marked with red asterisks (*). 
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5. Conclusion 

Our study reveals the phospholipid profile of autophagic structures 
from different stages (mixture of phagophores and autophagosomes 
versus mainly phagophores) isolated from Drosophila melanogaster con
trol and Atg2− flies. We believe that the striking differences in the lipid 
pattern of autophagic structures from control and mutant flies primarily 
reflect the importance of the Atg2 lipid transporter, but we cannot 
exclude the effect of dynamic changes during phagophore maturation 
and autophagosome closure that are also perturbed in the mutant. The 
unique properties of autophagic membranes largely depend on the 
interplay between proteins and lipids. Characterization of the lipid 
profile of autophagic membranes helps to understand this essential 
interplay between autophagy-specific lipids and autophagy proteins. 
Our Atg2− lipidomic results point to the in vivo function of the Atg2 lipid 
transport protein, especially its relevant contribution to de novo syn
thesis of initial autophagic structures, one of the most elusive steps of 
autophagy. Phagophores are formed even in the absence of Atg2 func
tion, suggesting the existence of alternative lipid sources (other lipid 
transporters and close contact sites/vesicular routes with other organ
elles); but its contribution in shaping the lipid composition of auto
phagic membrane is likely critical, especially based on the level of PE 
species. 
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