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utophagy is the membrane traf‘cking pathway that

delivers intracellular material for degradation to lyso-

somes viade novo formation of double-membrane
vesicles, the autophagosomes. Cells activate autophagy in
response to nutrient limitation or accumulation of damaged
proteins and organelles, and as a result they recycle building
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to ERGIGL COPI was recently linked with autophagosome
maturatiorf2. 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 particlelister, often organizing in a ring-like structure (more obvious in
associated more often with ATG9 compared with ERES tbre spherical pattern). The different distribution patterns may
VMP1 (Fig. 5g), but only 55% of them associated with any ofrrespond to the two-dimensional projections of the same
these compartments (Fig. 5h). We hypothesized that the sibeee-dimensional cup-shaped pattern when observed from
of the early ATG13-positive ULK1 structures and the othelifferent angles (ranging from spherical when observed from
compartments may make it dif‘cult to accurately evaluate theine top to crescent shaped when observed from the side).
association by conventional imaging and we turned to protocddternatively, the distribution of ATG13 may change during
of super resolution to further address this question. progression from the nucleation to the elongation step of
autophagosome formation. On the other hand, in fed cells
Distribution of ATG13 on autophagosomes at super resolution ATG13 seldom showed these patterns residing mainly in small
Mature mammalian autophagosomes are 0.5mml.5in  single puncta (Fig. 6a). We also starved cells in the presence of a
diametef”’, thus conventional light microscopy (maximum laterahighly selective VPS34 inhibifStto examine the morphology of
resolution of 250nm) may not be able to resolve thide earliest autophagosome precursors before PI3P is fqéﬁ'med
autophagosome precursors. This may also complicate the effétiss inhibitor allows the formation of puncta by ATG13
to identify the cellular organelles comprising the membrarf€upplementary Fig. 6a,c,d) or FIP200 (another member of the
source for autophagosome nucleaffdiwe developed a protocol ULK1 complex, Supplementary Fig. 6a,b), abolishes the formation
for dSSTORM to observe the autophagosome precursors and hafwpuncta by the PI3P-binding protein WIPI2 (Supplementary
they associate with the ATG9 and ERGIC compartments at supéy. 6b) and by the component of the lipidation machinery
resolution for the “rst time. In starved cells, the ATG13 punctATG16 (Supplementary Fig. 6c), but allows the formation of
corresponded to pleiomorphic structures no more than 300 nm gmaller puncta by the ULK1 complex that co-localize with ATG9
diameter, with ATG13 distributed on a granular pattern, as if itesicles (Supplementary Fig. 6d). The ATG13 puncta forming
resided on distinct vesicles or focal points on a "at membrawm@der inhibition of PI3P synthesis comprised clusters of
(Fig. 6a). The ATG13 dots were further organized in four distinstructures smaller than 100nm in diameter (Fig. 6a), which in
patterns: crescent shaped (a), semi-spherical (b), quasi-sphesioale cases organized in a crescent-shaped pattern, but never
(c) and spherical. They showed a bias towards the outside of éixtended to larger spherical patterns. We believe that these



http://www.nature.com/naturecommunications

structures represent the earliest autophagy-speci“c assemblesicles of 20...30 and 60...70nm in diameter, resp&ttiely
observed here at super resolution for the “rst time. which cannot be resolved by conventional light microscopy. We
We also used two-colour dSSTORM to evaluate the associatised two-colour dASTORM to re-evaluate the association of the
of ATG13 with the downstream autophagic machinery at supeiLK1 complex with the ATG9 and ERES/ERGIC compartments.
resolution. We “rst examined the relationship of ATG13 wittATG9 localized on vesicles50 nm in diameter, dispersed in the
ATG16, which coincides with the site of LC3 lipidation (isolationytosol and often organized in clusters (Fig. 7a,c). Conversely,
membrane)®. We found that ATG16 and ATG13 were con‘nedERGIC53 localized on small vesicles primarily clustered next
on the same space and adopted a similar distribution pattein ERES, with some also dispersed in the cytosol (Fig. 7b).
(Fig. 6b,c). We have also examined the relationship of ATGW8Bder autophagy-inducing conditions multiple ATG9 vesicles
with the PI3P-rich compartment, as represented by WIPKuUrrounded the ATG13 structures independent of PI3P synthesis
and DFCP1. ATG13 occupied a smaller area compared with {fég. 7a,c), suggesting that ATG9 contributes to autophagosome
PI3P-binding proteins and often was more dense inwards of thecleation. Moreover, scattered ERGIC vesicles (but not large
ring formed by DFCP1 and WIPI2 (Fig. 6b,c). clusters) surrounded FIP200 structures independent of PI3P

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



ATG13
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due to antibody constraints. In contrast, ATG13 did not associate
with the ERES marker SEC23 (Fig. 7d). Of note, ATG9 and
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ERES/ERGIC compartment, are not in direct association with the
site of autophagosome biogenesis. Moreover, in contrast to recent
reportg3:24
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BUN. 7 A zhl’ .s ’n;‘ 5% «ai V-7 ATG9 A ¢ ERGIGh m b . ™ e T % . (a,b) HEK293 cells were starved in the presence or absence of
VPS94 inhibitor for 1h, ifmunolabeffed for ATG13 and ATGO (& or FIF200 and ERGIC53 (b), and imaged by dSTORM. (g ) HEK293 cells stably
expressing GFP-ATG13 were starved in the presence or absence of Vps34 inhibitor for 1h, immunolabelled for ATG13 and ATGS («) or SEC23 ¢ ),

and imaged by dSTORM. Conventional images and super-resolution magnifications are shown. Scale bars in wide-field images: 5mm. Scale bars in
super-resolution images, 0.5 mm.
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with focused ion beam scanning electron microscopy (FIB-SEM)g. 10a...e). In all cases, the light microscopy signal of ATG13
We identi“ed a total of “ve particles for which we could correlateorrelated with a pleiomorphic tubular...vesicular compartment
the light and electron microscopy images (Fig. 10f, red outlingsg. 10g,h) and, as expected, there were no classical autophago-
in boxes i...iii). For one of the particles (Fig. 10f, particle sSpme-like complete structures visible (that is, double-membrane
live-cell imaging also allowed us to derive its exact lifespan (4Qesicles). This tubulovesicular compartment was for the most part
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cradling the ATG13 region (Fig. 10h; note red signal surroundsiiilar with ATG9 vesicl@8 and the phosphorylation cascades
by green membranous elements) and at the same time containederpinning activation of the complex during autophyyhis
membrane elements extending within the space of the ATGa8angement is possibly self-propelled. We speculate that this type
structure (Fig. 10g; note membranes within the purple outlinesf. association between ATG9 and the early ATG13 structures
This organization is compatible with the organization of thmay suggest that the ULK1 complex usurps membrane from
ATG9/ERGIC structures that surrounded the ATG13 particlebe ATG9 compartment to nucleate a new autophagosome,
observed by dSTORM in Fig. 7. Mitochondrial membranes (stavhile ATG9 only transiently incorporates to the autophagosome
in Fig. 10h) were also nearby. The tubulovesicular organizatiomoémbrane as it was previously sh&#mntriguingly, inactivation

the membranes underlying the ATG13 signal was similar in all the yeast ULK1 complex causes the tubulovesicular ATG9
cases, suggesting that it is representative of the morphologyeahpartment to resolve into distinct vesiéfed\ layered network

these structures. of interactions that may bring the yeast ULK1 complex in
gradually closergoximity to the ATG9 compartment was also
D% uSS . recently suggesteti

We havg tried to identify where the ULK1 complex nucleatesThe ULK1 structures also adjoin ER and overlap with scattered
autophagosomes using as main surrogate the component of BRGIC-derived vesicles, but not with the canonical ERES/ERGIC
complex ATG13. We show that both ERES/ERGIC and ATG®@sicular clusters (Figs 7 and 8), even if their assembly is
compartments are functionally contributing to autophagosoniacilitated by the functional integrity of ERES (Fig. 1). Why is the
nucleation, but ATG9 associates more ubiquitously with the eaBiR-to-Golgi traf‘c required for ATG13 puncta formation, but
ULK1 structures. We have used super-resolution microscopythese puncta do not localize on canonical ERES? One possibility is
capture the morphology of the ATG13 compartment and ithat the canonical ERES/ERGIC may affect the ATG13 indirectly.
relationship with the autophagic machinery and the ERES/ERQDelI-free assays have recently shown that ERGIC membranes
and ATG9 compartments. We show for the “rst time at supenecruit the component of the VPS34 complex ATG14 and, in
resolution that the ATG13 compartment associates with clust&t3P- and COPII-dependent manner, generate the membrane
of ATG9 vesicles or with isolated elements of ERGIC, whitémplate for LC3 lipidatiof?24 Therefore, ERGIC may affect the
cannot be resolved by conventional light microscopy, but raréhyf G13 indirectly through activation of the VPS34 complex. The
with ERES. Moreover, combining light with electron microscomxistence of a positive feedback loop from the VPS34 complex
we correlate the ATG13 early punctum with a tubulovesiculthrat reinforces the translocation of ATG13 to its early structures
membrane compartment surrounded by ER and mitochondrits. compatible with this hypothesfs
This compartment is compatible with the tubulovesicular ATG9 The yeast autophagic machinery occupies distinct sites
compartment previously descridée251.52 Finally, building on forming autophagosom@s3® Using super-resolution
up on our previous studf, we combine several imagingmicroscopy of endogenous autophagy proteins, we here provide
modes (dual-colour SIM and dSTORM and CLEM) to descrilge spatial context of the physical and functional interactions
the association of the ATG13 structures with the ER at sudmong the autophagic machinery in mammalian cells. We can
diffraction resolution. Combining everything we suggest that tlaéstinguish at least two layers of components: a layer at the
nucleation of autophagosomes occurs in regions, where the Uldttophagosome periphery comprising the PI3P effectors
complex coalesces with ER and the ATG9 compartment. (and potentially the VPS34 complex), and an inner layer
We have shown that the associating ULK1 and ATG®mprising the ULK1 complex (ATG13 and FIP200) and the
structures previously reportEd32:53comprise multiple ATG9 lipidation machinery (ATG16; Fig. 6). This arrangement should
vesicleso 50nm in diameter swarming around the ATG13llow ATG16 to interact with WIPI12 and FIP200 (refs 58,59) and
puncta (Fig. 7a,c). These structures may also correspond to lthk8 to accumulate within the DFCP1 rfhtf In agreement
tubulovesicular compartment observed by electron microscopith this spatial arrangement, disruption of ATG16 binding to
(Fig. 10g,h). The association between ATG9 and eaFP200 inhibits autopha§§ Previous studies have suggested that
ATG13 structures is independent of PI3P synthesis (Fig. 7a8iNARE-mediated fusion of vesicles is involved in autophagosome
as previously report@d Under these conditions, whereexpansioh!>! We speculate that if the elongation of the isolation
no isolation membrane is evident, the ATG13 assemblim@mbrane occurs through vesicle fusion at its extremities, this
already begin to assume quasi-spherical morphology (Fig. @sangement is compatible with membrane handover from the
starvedp inh). In our opinion, this is strong evidence thatPI3P-rich area to the area hosting the ULK1 complex and the
some of the membrane organization function necessary figidation machinery.
autophagosome formation exists within the ULK1 complex. Our aim was to understand the provenance and mode of
Given the capacity of yeast ULK1 to bind highly curved vesicfesmation of the early ULK1 structure to identify where

Bux. 10 C‘m_ a ’rl_ K 7 VR . - -ﬁ" m xS \ ATG13 g { ER. HEK293 cells stably expressing GFP-ATG13 and transiently expressing
mCherry-dgkl (fR marker) were starved, subjected to live-cell imaging by wide-field microscopy and fixed on stage. (@) 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. («) Resin blocks were trimmed down to a block face of 1Tmm? 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. ¢ ) Montage of an ATG13 particle formation from the live-cell imaging step and z stacks after fixation (particle
i in Q. ) Overlays of light and electron microscopy images. Light and electron microscopy images were correlated using landmarks identified in both
(showh'In white and green lines, circles and triangles). () 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. € ) Magnification of the area within the green boxes in _(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. ¢ ) 3D Opacity rendering 'of the cropped FIB-SEM
stacks i 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), 5mm (:‘;_ ), Trmm (%and 0.25mMg ).
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autophagosomes are nucleated. On the basis of our “ndings,
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association. Association was scored when the same pixels had signal above the
background for both channels.

{ STORMm g ;& . Samples for AISTORM were labelled with goat anti-rabbit and
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