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Abstract

Autophagy defines the lifespan of eukaryotic organisms by ensuring cellular survival through regulated bulk clearance of proteins,
organelles and membranes. Pathophysiological consequences of improper autophagy give rise to a variety of age-related human 
diseases such as cancer and neurodegeneration. Rational therapeutic implementation of autophagy modulation remains problematic, as
fundamental molecular details such as the generation of autophagosomes, unique double-membrane vesicles formed to permit the
process of autophagy, are insufficiently understood. Here, freeze-fracture replica immunolabelling reveals WD-repeat protein interacting
with phosphoinositides 1 and 2 (WIPI-1 and WIPI-2) as membrane components of autophagosomes and the plasma membrane (PM).
In addition, WIPI-1 is also present in membranes of the endoplasmic reticulum (ER) and WIPI-2 was further detected in membranes
close to the Golgi cisternae. Our results identify WIPI-1 and WIPI-2 as novel protein components of autophagosomes, and of membrane
sites from which autophagosomes might originate (ER, PM, Golgi area). Hence therapeutic modulation of autophagy could involve
approaches that functionally target human WIPI proteins.
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Autophagy is an intracellular lysosomal bulk degradation process
initiated by the generation of double-membraned autophago-
somes (APs) that sequester cytoplasmic material and that fuse
with lysosomes to autolysosomes for final degradation [1].
Models of AP formation anticipate one of three situations: (i) de
novo membrane synthesis, (ii) AP formation from pre-existing
intracellular membranes or (iii) pre-existing membranes providing
a template on which APs form de novo [2–6]. Autophagosomal
membranes were found to be predominantly composed of lipids
with minimized protein content, as demonstrated by early freeze-
fracture electron microscopy [7]. The notion that autophagosomal
membranes are profoundly enriched in phosphatidylinositol 
3-phosphate (PtdIns(3)P) [8] is of key interest because autophagy
is positively regulated by the activation of the phosphatidylinositol
3-kinase class III complex 1, also including the tumour suppressor
protein Beclin 1, that generates PtdIns(3)P [9].

Previously, we identified the human WIPI gene family that is
aberrantly expressed in a variety of human cancer types [10]. We
found that the WIPI protein family represents an ancient
PtdIns(3)P/PtdIns(3,5)P2-binding �-propeller protein family that

includes WIPI-1 and WIPI-2 [10], both of which evolved from the
yeast ancestral autophagy protein Atg18 [10, 11]. We characterized
WIPI-1 as a PtdIns(3)P-effector protein functioning in the process
of autophagy in human cancer cells [10, 12–13]. Upon the induc-
tion of autophagy and the generation of PtdIns(3)P, both WIPI-1
and WIPI-2 specifically bind PtdIns(3)P and localize at initial
autophagosomal membranes (phagophore) that are positive for
further autophagy proteins, such as microtubule-associated pro-
tein 1 light chain 3 (LC3) and Atg16 [10–14]. To clarify the precise
localization of WIPI-1 and WIPI-2 upon the induction of autophagy
we conducted freeze-fracture immuno-electron microscopy
(immuno-EM) because this method allows the employment of
native, unfixed cells and, depending on the fracture, either of the
two monolayers of a bilayer membrane is preserved [15].

By immuno-EM of generated freeze-fracture replicas we 
specifically detected membrane-bound WIPI-1 (Fig. 1A) in 
nutrient-starved (6 hrs) human tumour cells, either endogenous
WIPI-1 in G361 cells (Fig. 1B) or WIPI-1 fused to the green fluo-
rescent protein (GFP-WIPI-1) in stably transfected U2OS cells 
(Fig. 1C, E–G). Here, WIPI-1 specifically localized at APs (Fig. 1A),
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characterized by the unique lipid-rich, smooth double membrane 
(Fig. 1B, C, E, G). Strikingly, WIPI-1 localized at both monolayers of
both the outer (OM) and the inner (IM) autophagosomal membrane,
and appeared often enriched in the inner autophagosomal mem-
brane of exogenous GFP-WIPI-1 (Fig. 1C) or endogenous WIPI-1
(data not shown), as previously shown for PtdIns(3)P in yeast APs
[8]. Please note that we marked the P- and E-faces of the IM and the

OM according to the P-face of the OM facing the cytoplasm 
(Fig. 1A). However, as the membrane origin of APs is unknown, this
classification might be temporary and might change once the 
precise origin of the autophagosomal membrane is identified. The
calculated approximate diameter of WIPI-1 positive APs ranged
between 0.5 and 2.5 �m with an average of about 1 �m (Fig. 1D),
typical for APs. Some WIPI-1 positive AP fractures displayed their
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Fig. 1 Human G361 (malignant melanoma
cell line) and U2OS cells (osteosarcoma cell
line) (both from ATCC) were cultured in
DMEM, 10% foetal calf serum, 100 U/ml
penicillin/100 �g/ml streptomycin, 5 �g/ml
plasmocin (Invivogen, Toulouse, France) at
37�C, 5% CO2. Stable GFP-WIPI-1 U2OS
clones were selected by using 0.6 mg/ml
G418 (Invitrogen, Darmstadt, Germany). In
this study, a GFP-WIPI-1 U2OS clone was
used that expresses similar GFP-WIPI-1
protein levels when compared to endoge-
nous WIPI-1 in G361 cells (data not shown).
Autophagy was induced by nutrient starva-
tion using EBSS (Sigma-Aldrich, Taufkirchen,
Germany) for 6 hrs. Freeze fracture
immuno-EM images using unfixed (B)
human G361 (anti-WIPI-1 antiserum [10],
goat anti-rabbit 18 nm gold complexes;
Jackson Immunoresearch, Neumarket, 
UK) or (C) stable GFP-WIPI-1 U2OS 
cells (anti-GFP antiserum/ab290; Abcam,
Cambridge, UK; goat anti-rabbit 18 nm gold
complexes; Jackson Immunoreserach)
identified the localization of WIPI-1 in both
monolayers of the inner (IM) and of the
outer (OM) autophagosomal membrane (A).
Monolayers were termed P- and E-face
according to the P-face of the OM facing the
cytoplasm (A–C, E, G); this terminology
might become adapted once the membrane
origin of APs is identified. Approximate
diameters of WIPI-1 positive APs were
determined (D). Engulfment of a lipid
droplet (LD) by a GFP-WIPI-1� AP (E). GFP-
WIPI-1 was also found to localize at the 
P-face of the ER/NM and of the PM (F). 
Co-labelling of GFP-WIPI-1 (anti-GFP anti-
serum/ab290; Abcam; goat anti-rabbit 18 nm
gold complexes; Jackson Immunoresearch)
and endogenous LAMP-1 (anti-LAMP-1 anti-
body/ sc-5570; Santa Cruz, Heidelberg,
Germany; goat antimouse 12 nm gold com-
plexes; Jackson Immunoresearch) provides
evidence that WIPI-1 is also present on
autolysosomes (G). Scale bars 200 nm.
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contents, e.g. lipid droplets (Fig. 1E). In addition, upon autophagy
induction WIPI-1 prominently localized at the P-face of both the
plasma membrane (PM) and the endoplasmic reticulum (ER), par-
ticular at the nuclear membrane (NM) (Fig. 1F). Further, we also

found WIPI-1 to localize at vesicles with higher membrane protein
content then APs, some of them (6 out of 15) were also positive for
lysosomal-associated membrane protein 1 (LAMP-1) (Fig. 1G),
suggesting that these vesicles might represent autolysosomes.
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Fig. 2 U2OS cells (osteosarcoma cell line;
ATCC) were cultured in DMEM, 10% foetal
calf serum, 100 U/ml penicillin/100 �g/ml
streptomycin, 5 �g/ml plasmocin
(Invivogen) at 37�C, 5% CO2 and stably
transfected GFP-WIPI-2B or GFP-WIPI-2D
U2OS cell clones were selected by using 0.6
mg/ml G418 (Invitrogen). Comparable levels
of expressed GFP-WIPI proteins are demon-
strated by anti-GFP enhanced chemilumi-
nescence (ECL) detection of total protein
extracts (A). Protein expression of GFP-
WIPI-1, -2B and -2D is shown, demonstrat-
ing relatively low expression when com-
pared to a generated control GFP cell clone
(A). Freeze fracture immuno-EM images of
stable GFP-WIPI-2B (B) or GFP-WIPI-2D (C)
U2OS cells upon nutrient starvation (6 hrs)
identified a prominent localization of WIPI-2
in both the inner (IM) and of the outer (OM)
autophagosomal membrane (AP) (B, C), and
at the PM (D, E). GFP-WIPI-2B (D) and 
GFP-WIPI-2D (E) harbouring vesicles (P: P-
face), may be premature APs, were identi-
fied close to the PM, suggesting that these
vesicles might have originated from the PM.
In contrast to the prominent PM localization,
some WIPI-2D was also detected at the
ER/NM (F) and near the Golgi cisternae (G).
Antibodies: anti-GFP antiserum/ab290;
Abcam; goat anti-rabbit 18 nm gold com-
plexes; Jackson Immunoresearch. Scale
bars 200 nm.



Using generated stable U2OS cell lines that express either of
the WIPI-2 isoforms WIPI-2B or WIPI-2D (Fig. 2) we found that
WIPI-2 also localizes in all monolayers of double-membraned APs
(Fig. 2B, C) and at the PM (Fig. 2D–F) specifically upon nutrient
starvation. In contrast to WIPI-1, WIPI-2 did not localize promi-
nently to the ER/NM although some WIPI-2D could be detected at
the NM (Fig. 2F). In addition, WIPI-2D was also found in mem-
branes close to the Golgi cisternae (Fig. 2G).

Here we provide high-resolution imaging analyses which dis-
play both membranes of the double-membraned AP. Thereby, the
first detailed membranous localization of WIPI-1 and WIPI-2 is
achieved, allowing us to distinguish between all monolayers of
both the inner and outer autophagosomal membrane and to
demonstrate that all monolayers harbour PtdIns(3)P-bound WIPI
proteins. Because we further identified specific membranes in
which WIPI-1 and WIPI-2 accumulate upon autophagy induction,

our data suggest that these pre-existing membranes (PM, ER,
Golgi area) provide the source for WIPI-1 positive APs.
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