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to ERGIC41. COPI was recently linked with autophagosome
maturation42. Under autophagy-inducing conditions a pool of
COPI relocated to ERGIC (Fig. 1f), and often localized in close
proximity to omegasomes (Fig. 1g), suggesting that COPI may



VMP1-LSSmKate2 (Fig. 5e). Emerging ATG13 particles
associated more often with ATG9 compared with ERES or
VMP1 (Fig. 5g), but only 55% of them associated with any of
these compartments (Fig. 5h). We hypothesized that the size
of the early ATG13-positive ULK1 structures and the other
compartments may make it dif“cult to accurately evaluate their
association by conventional imaging and we turned to protocols
of super resolution to further address this question.

Distribution of ATG13 on autophagosomes at super resolution.
Mature mammalian autophagosomes are 0.5…1.5mm in
diameter47, thus conventional light microscopy (maximum lateral
resolution of 250 nm) may not be able to resolve the
autophagosome precursors. This may also complicate the efforts
to identify the cellular organelles comprising the membrane
source for autophagosome nucleation48. We developed a protocol
for dSTORM to observe the autophagosome precursors and how
they associate with the ATG9 and ERGIC compartments at super
resolution for the “rst time. In starved cells, the ATG13 puncta
corresponded to pleiomorphic structures no more than 300 nm in
diameter, with ATG13 distributed on a granular pattern, as if it
resided on distinct vesicles or focal points on a ”at membrane
(Fig. 6a). The ATG13 dots were further organized in four distinct
patterns: crescent shaped (a), semi-spherical (b), quasi-spherical
(c) and spherical. They showed a bias towards the outside of the

cluster, often organizing in a ring-like structure (more obvious in
the spherical pattern). The different distribution patterns may
correspond to the two-dimensional projections of the same
three-dimensional cup-shaped pattern when observed from
different angles (ranging from spherical when observed from
the top to crescent shaped when observed from the side).
Alternatively, the distribution of ATG13 may change during
progression from the nucleation to the elongation step of
autophagosome formation. On the other hand, in fed cells
ATG13 seldom showed these patterns residing mainly in small
single puncta (Fig. 6a). We also starved cells in the presence of a
highly selective VPS34 inhibitor49 to examine the morphology of
the earliest autophagosome precursors before PI3P is formed16.
This inhibitor allows the formation of puncta by ATG13
(Supplementary Fig. 6a,c,d) or FIP200 (another member of the
ULK1 complex, Supplementary Fig. 6a,b), abolishes the formation
of puncta by the PI3P-binding protein WIPI2 (Supplementary
Fig. 6b) and by the component of the lipidation machinery
ATG16 (Supplementary Fig. 6c), but allows the formation of
smaller puncta by the ULK1 complex that co-localize with ATG9
vesicles (Supplementary Fig. 6d). The ATG13 puncta forming
under inhibition of PI3P synthesis comprised clusters of
structures smaller than 100 nm in diameter (Fig. 6a), which in
some cases organized in a crescent-shaped pattern, but never
extended to larger spherical patterns. We believe that these
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structures represent the earliest autophagy-speci“c assemblies
observed here at super resolution for the “rst time.

We also used two-colour dSTORM to evaluate the association
of ATG13 with the downstream autophagic machinery at super
resolution. We “rst examined the relationship of ATG13 with
ATG16, which coincides with the site of LC3 lipidation (isolation
membrane)50. We found that ATG16 and ATG13 were con“ned
on the same space and adopted a similar distribution pattern
(Fig. 6b,c). We have also examined the relationship of ATG13
with the PI3P-rich compartment, as represented by WIPI2
and DFCP1. ATG13 occupied a smaller area compared with the
PI3P-binding proteins and often was more dense inwards of the
ring formed by DFCP1 and WIPI2 (Fig. 6b,c).

Relationship of the ULK1 complex with ATG9 and ERES/ERGIC.
ATG9 and ERES/ERGIC compartments comprise clusters of

vesicles of 20…30 and 60…70 nm in diameter, respectively14,25,
which cannot be resolved by conventional light microscopy. We
used two-colour dSTORM to re-evaluate the association of the
ULK1 complex with the ATG9 and ERES/ERGIC compartments.
ATG9 localized on vesicleso 50 nm in diameter, dispersed in the
cytosol and often organized in clusters (Fig. 7a,c). Conversely,
ERGIC53 localized on small vesicles primarily clustered next
to ERES, with some also dispersed in the cytosol (Fig. 7b).
Under autophagy-inducing conditions multiple ATG9 vesicles
surrounded the ATG13 structures independent of PI3P synthesis
(Fig. 7a,c), suggesting that ATG9 contributes to autophagosome
nucleation. Moreover, scattered ERGIC vesicles (but not large
clusters) surrounded FIP200 structures independent of PI3P
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Figure 7 | Autophagosomes associate with ATG9 and ERGIC membrane compartments. (a,b) HEK293 cells were starved in the presence or absence of

VPS34 inhibitor for 1 h, immunolabelled for ATG13 and ATG9 (a) or FIP200 and ERGIC53 (b), and imaged by dSTORM. (c,d) HEK293 cells stably

expressing GFP-ATG13 were starved in the presence or absence of Vps34 inhibitor for 1 h, immunolabelled for ATG13 and ATG9 (c) or SEC23 (d),

and imaged by dSTORM. Conventional images and super-resolution magnifications are shown. Scale bars in wide-field images: 5 mm. Scale bars in

super-resolution images, 0.5 mm.
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with focused ion beam scanning electron microscopy (FIB-SEM).
We identi“ed a total of “ve particles for which we could correlate
the light and electron microscopy images (Fig. 10f, red outlines
in boxes i…iii). For one of the particles (Fig. 10f, particle ii)
live-cell imaging also allowed us to derive its exact lifespan (40 s;

Fig. 10a…e). In all cases, the light microscopy signal of ATG13
correlated with a pleiomorphic tubular…vesicular compartment
(Fig. 10g,h) and, as expected, there were no classical autophago-
some-like complete structures visible (that is, double-membrane
vesicles). This tubulovesicular compartment was for the most part
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cradling the ATG13 region (Fig. 10h; note red signal surrounded
by green membranous elements) and at the same time contained
membrane elements extending within the space of the ATG13
structure (Fig. 10g; note membranes within the purple outlines).
This organization is compatible with the organization of the
ATG9/ERGIC structures that surrounded the ATG13 particles
observed by dSTORM in Fig. 7. Mitochondrial membranes (stars
in Fig. 10h) were also nearby. The tubulovesicular organization of
the membranes underlying the ATG13 signal was similar in all
cases, suggesting that it is representative of the morphology of
these structures.

Discussion
We have tried to identify where the ULK1 complex nucleates
autophagosomes using as main surrogate the component of the
complex ATG13. We show that both ERES/ERGIC and ATG9
compartments are functionally contributing to autophagosome
nucleation, but ATG9 associates more ubiquitously with the early
ULK1 structures. We have used super-resolution microscopy to
capture the morphology of the ATG13 compartment and its
relationship with the autophagic machinery and the ERES/ERGIC
and ATG9 compartments. We show for the “rst time at super
resolution that the ATG13 compartment associates with clusters
of ATG9 vesicles or with isolated elements of ERGIC, which
cannot be resolved by conventional light microscopy, but rarely
with ERES. Moreover, combining light with electron microscopy
we correlate the ATG13 early punctum with a tubulovesicular
membrane compartment surrounded by ER and mitochondria.
This compartment is compatible with the tubulovesicular ATG9
compartment previously described14,32,51,52. Finally, building
up on our previous study16, we combine several imaging
modes (dual-colour SIM and dSTORM and CLEM) to describe
the association of the ATG13 structures with the ER at sub-
diffraction resolution. Combining everything we suggest that the
nucleation of autophagosomes occurs in regions, where the ULK1
complex coalesces with ER and the ATG9 compartment.

We have shown that the associating ULK1 and ATG9
structures previously reported13,32,53comprise multiple ATG9
vesicleso 50 nm in diameter swarming around the ATG13
puncta (Fig. 7a,c). These structures may also correspond to the
tubulovesicular compartment observed by electron microscopy
(Fig. 10g,h). The association between ATG9 and early
ATG13 structures is independent of PI3P synthesis (Fig. 7a,c),
as previously reported54. Under these conditions, where
no isolation membrane is evident, the ATG13 assemblies
already begin to assume quasi-spherical morphology (Fig. 6a;
starvedþ inh). In our opinion, this is strong evidence that
some of the membrane organization function necessary for
autophagosome formation exists within the ULK1 complex.
Given the capacity of yeast ULK1 to bind highly curved vesicles

similar with ATG9 vesicles55 and the phosphorylation cascades
underpinning activation of the complex during autophagy56, this
arrangement is possibly self-propelled. We speculate that this type
of association between ATG9 and the early ATG13 structures
may suggest that the ULK1 complex usurps membrane from
the ATG9 compartment to nucleate a new autophagosome,
while ATG9 only transiently incorporates to the autophagosome
membrane as it was previously shown53. Intriguingly, inactivation
of the yeast ULK1 complex causes the tubulovesicular ATG9
compartment to resolve into distinct vesicles14. A layered network
of interactions that may bring the yeast ULK1 complex in
gradually closer proximity to the ATG9 compartment was also
recently suggested57.

The ULK1 structures also adjoin ER and overlap with scattered
ERGIC-derived vesicles, but not with the canonical ERES/ERGIC
vesicular clusters (Figs 7 and 8), even if their assembly is
facilitated by the functional integrity of ERES (Fig. 1). Why is the
ER-to-Golgi traf“c required for ATG13 puncta formation, but
these puncta do not localize on canonical ERES? One possibility is
that the canonical ERES/ERGIC may affect the ATG13 indirectly.
Cell-free assays have recently shown that ERGIC membranes
recruit the component of the VPS34 complex ATG14 and, in
PI3P- and COPII-dependent manner, generate the membrane
template for LC3 lipidation23,24. Therefore, ERGIC may affect the
ATG13 indirectly through activation of the VPS34 complex. The
existence of a positive feedback loop from the VPS34 complex
that reinforces the translocation of ATG13 to its early structures
is compatible with this hypothesis16.

The yeast autophagic machinery occupies distinct sites
on forming autophagosomes22,35. Using super-resolution
microscopy of endogenous autophagy proteins, we here provide
a spatial context of the physical and functional interactions
among the autophagic machinery in mammalian cells. We can
distinguish at least two layers of components: a layer at the
autophagosome periphery comprising the PI3P effectors
(and potentially the VPS34 complex), and an inner layer
comprising the ULK1 complex (ATG13 and FIP200) and the
lipidation machinery (ATG16; Fig. 6). This arrangement should
allow ATG16 to interact with WIPI2 and FIP200 (refs 58,59) and
LC3 to accumulate within the DFCP1 ring8,16. In agreement
with this spatial arrangement, disruption of ATG16 binding to
FIP200 inhibits autophagy60. Previous studies have suggested that
SNARE-mediated fusion of vesicles is involved in autophagosome
expansion11,51. We speculate that if the elongation of the isolation
membrane occurs through vesicle fusion at its extremities, this
arrangement is compatible with membrane handover from the
PI3P-rich area to the area hosting the ULK1 complex and the
lipidation machinery.

Our aim was to understand the provenance and mode of
formation of the early ULK1 structure to identify where

Figure 10 | Correlative light and electron microscopy of ATG13 and ER. HEK293 cells stably expressing GFP-ATG13 and transiently expressing

mCherry-dgk1 (ER marker) were starved, subjected to live-cell imaging by wide-field microscopy and fixed on stage. (a) Fluorescent images of the frame

capture just before the fixation, � 100 and � 10 DIC images of the fixed cells are shown. Red box in � 10 DIC image indicates the cell of interest. (b) Image

of the resin-embedded sample. Cell of interest located in red box. (c) Resin blocks were trimmed down to a block face of 1 mm2 and mounted on stub for

imaging in an Auriga focused ion beam scanning electron microscopy (FIB-SEM, Carl Zeiss). Overview images before (left) and after milling (right)

indicating the cell of interest with a red box. (d) Montage of an ATG13 particle formation from the live-cell imaging step and z stacks after fixation (particle

ii in f). (e) Overlays of light and electron microscopy images. Light and electron microscopy images were correlated using landmarks identified in both

(shown in white and green lines, circles and triangles). (f) Three-dimensional (3D) opacity rendering of the FIB-SEM image stack. The areas outlined in red

within the green boxes indicate ATG13 particles. Particle ii is the one that could be traced throughout the experiment and was identified in both live-cell and

FIB-SEM imaging. ATG13 Particles in boxes i and iii could be identified from the wide-field and fluorescence image, but their provenance by live imaging

could not because they were on a different focal plane from particle ii. (g) Magnification of the area within the green boxes in f (i–iii). Shown are the XY

view from the middle of the ATG13 signal, and orthogonal XZ and YZ views along the thin white lines. (h) 3D Opacity rendering of the cropped FIB-SEM

stacks in g with overlay of the ATG13 signal (red). Rendered in green are the membranes detected in the FIB-SEM stack that are in proximity of the ATG13

particle. Stars indicate mitochondrial membranes. Bars: 10 mm (a), 50 mm (b), 5 mm (d–e), 1 mm (f) and 0.25 mm (g).
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