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Abstract 

The unc-51-like kinase protein kinase complex (ULK1C) and the class III phosphatidylinositol (PI) 3-

kinase complex I (PI3KC3-C1) are the most upstream and central players in the initiation of macroau-

tophagy. We found a direct physical interaction between the two complexes. The cryo-EM structures of 

the human ULK1C core and PI3KC3-C1 were determined at amino acid residue-level resolution, and 

used to interpret a moderate resolution structure of the ULK1C:PI3KC3-C1 supercomplex. The two com-

plexes coassemble through extensive contacts between the FIP200 scaffold subunit of ULK1C and the 

VPS15 pseudokinase subunit of PI3KC3-C1. The presence of PI3KC3-C1 induces a rearrangement of 

ULK1C from a FIP200:ATG13:ULK1 2:1:1 to a 2:2:2 stoichiometry by dislocating an ATG13 loop 

(ATG13MR) from an inhibitory site on the dimeric FIP200 scaffold. This suggests a mechanism for the 

initiation of autophagy through PI3KC3-C1-induced dimerization of ULK1 as bound to FIP200, followed 

by an activating trans-autophosphorylation of ULK1.   
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Main 

Macroautophagy (hereafter, "autophagy") is the main cellular mechanism for the disposal of molecular 

aggregates and damaged or unneeded organelles 1. While autophagy was first characterized as a bulk 

response to starvation, it is now clear that many forms of bulk and selective autophagy are central in 

development and cellular homeostasis 1. The homeostatic necessity of autophagy is clearest in neurons, 

which are post-mitotic and so uniquely susceptible to toxic aggregates and damaged organelles 2. Au-

tophagic dysfunction has been linked to all major neurodegenerative diseases 2, with the clearest genetic 

linkage to Parkinson's disease 3. 

 

 All forms of canonical autophagy, bulk and selective, are initiated upon the recruitment and acti-

vation of the FIP200 protein 4-6 and the class III phosphatidylinositol 3-kinase complex I (PI3KC3-C1) 
7-9. FIP200 is the central scaffolding subunit of the ULK1 complex (ULK1C), which also contains the 

ULK1 (or ULK2) kinase itself, ATG13, and ATG101 10-14. PI3KC3-C1 contains one copy each of the 

lipid kinase VPS34, the pseudokinase VPS15, and the regulatory subunits BECN1 and ATG14 7,15. The 

former three subunits are also present in the PI3K complex II (PI3KC3-C2) involved in endosomal sort-

ing and late steps in autophagy, while ATG14 is uniquely involved in autophagy initiation 7. Atomic and 

near-atomic resolution structures are known for various fragments of these complexes 16,17, and low to 

moderate resolution structures are known for human PI3KC3-C1 18,19 and the core of human ULK1C 20.  

 

 The means by which ULK1C and PI3KC3-C1 activities are switched on and off are critically 

important for the physiology of autophagy initiation and for therapeutic interventions targeting neuro-

degeneration 21. Yet these mechanisms have thus far been hidden because of the limitations of the avail-

able fragmentary or low resolution structures. While ULK1C and PI3KC3-C1 are both critical for au-

tophagy initiation and are both recruited at the earliest stages, beyond the presence of ULK1 phosphory-

lation sites on PI3KC3-C1 subunits 22,23 ,24,25, it has been unclear how their activities are coordinated. 

Here we report the structures of the human ULK1C core and PI3KC3-C1 at resolutions adequate for 

amino acid residue-level interpretation. We also show that ULK1C and PI3KC3-C1 form a physical 

supercomplex, determine its structure, and show how PI3KC3-C1 regulates the stoichiometry and, po-

tentially, the activity of ULK1C. 

 

Cryo-EM structure of a 2:1:1 stoichiometric ULK1C core 

The ordered core of ULK1C was purified in a form consisting of the FIP200 N-terminal domain (1-640) 

and the ULK1 C-terminal microtubule-interacting and transport (MIT) domain (836-1059) fused with 
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the ATG13 residues (363-517) responsible for binding to FIP200 and ULK1 20 (Fig 1a). A monodisperse 

peak from size exchange chromatography (SEC) was collected and used for cryo-EM data collection. 

Image processing and 3D reconstruction resulted in a cryo-EM density map with a local resolution of 

3.35 Å in the best regions, including the FIP200:ATG13:ULK1 interface (Extended Data Fig. 1a-g). The 

distal tips of the FIP200 NTD molecules are mobile and the density there is less defined. The 

ATG13:ULK1 unit resembles the yeast Atg13MIM:Atg1MIT complex 26, so we adopted the MIT/MIM 

terminology for the human complex. The quality of the density allowed assignment of amino acid resi-

dues of the ULK1MIT domain and ATG13MIM (Extended Data Fig. 1h-l). The structure confirmed the 

previous observation of a 2:1:1 FIP200:ATG13:ULK1 complex 20, while defining in residue-level detail 

how ULK1MIT and ATG13MIM bind to FIP200. 

 

 The ULK1C core has dimensions of 180 × 130 × 90 Å, contains two molecules of FIP200NTD and 

one molecule each of ULK1 and ATG13 (Fig. 1b,c). FIP200 NTD forms a C-shaped dimer as seen at low 

resolution 20, which can now be described in detail with sequence assigned. The two arms of FIP200 

consist of 120 Å-long bundles formed by three twisted helixes (81-495). The two arms are connected by 

an 80 Å-long dimerization domain (496-599) bent at nearly 90o to the arms, resulting in the C-shape. The 

structure after residue 599 was not resolved due to presumed disorder. The FIP200 dimer is in some ways 

reminiscent of the structure of its yeast counterpart, Atg17 27, although the protein folds are distinct. 

Atg17 also dimerizes via two arms that are in the same plane, although the arms are arranged in an S-

shape instead of a C (Extended Data Fig. 2a). Residues 1-80 of FIP200 form a ubiquitin-like domain 

(ULD) located at the middle of the Arm domain in the inner side of the C-shape. The higher resolution 

analysis here confirms the previous observation that the ULD and the Arm domain of FIP200 have the 

same fold as the scaffold domain of the Tank-binding kinase 1 (TBK1) 20 (Extended Data Fig. 2b), which 

is itself central to the initiation of some forms of autophagy 28.  

 

 Cryo-EM density of for one copy of a ULK1MIT:ATG13MIM heterodimer was observed on one 

"shoulder" of the FIP200 dimer. As seen for yeast Atg13:Atg1 26, the structure consists of two four-helix 

bundles. Three helices of each are from the ULK1MIT and one from the ATG13MIM (Extended Data Fig. 

2c).  ULK1 binds directly to FIP200 via two main interfaces. The first consists of ULK1 Val883, Ile887, 

Leu890, Ile 971 and Leu967 with FIP200 Leu189, Leu192, Val196, Leu309, Val321, Vla325, Phe329, 

Leu204, Leu208, Val306, Ile312, Val306, and Val314, while the second consists of ULK1 Leu993 and 

Phe997 with FIP200 Ile340, Phe343, Leu472, and Leu475 (Extended Data Fig. 2d-f). The latter set of 

ULK1 residues was shown to be important for recruitment to sites of autophagosome initiation 29. The 
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ATG13MIM collaboratively binds to both FIP200 and ULK1MIT (Fig. 1d, Extended Data Fig. 2c), 

consistent with the role of ATG13 in recruiting ULK129 downstream of FIP200. 

 

 Three loops in the ULK1C core are missing in the structure because of presumed flexibility, 

including a FIP200 loop next to the ULK1MIT binding site (221-302), the linker region connecting the 

NTD and coiled-coil domain of the FIP200 (597-640), and the ATG13MR  loop (363-460) which was 

demonstrated to bind to the FIP200NTD 20. We mapped the binding sites with a combination of AlphaFold2 
30 prediction, site-directed mutagenesis, and pulldown assays (Fig. 2a). The interaction of the ATG13MR 

extends through both protomers of the FIP200NTD dimer. Three potential binding sites (#1(370-387), 

#2(392-398), #3(409-414)) on the opposite side of the ULK1MIT binding and one (#4(449-460)) on the 

same side of ULK1MIT were identified (Fig. 2b), consistent with previous hydrogen-deuterium exchange-

mass spectrometry (HDX-MS) and site-directed mutagenesis data 20. Constructs corresponding to these 

sites were tested by pulldown assays, showing that the ATG13 sites #2 and #4 are the most important for 

the interaction (Fig. 2c,d). Although unique and non-equivalent in ATG13, sites #1 and #4 bind to 

equivalent sites on the two FIP200 monomers. One FIP200 molecule is occupied by ATG13 site 5 and 

the ULK1MIT-ATG13MIM heterodimer, and the other FIP200 molecule is occupied by site 2 of the 

ATG13MR. This explains the unusual 2:1:1 stoichiometry of the ULK1C by showing why the FIP200NTD 

dimer only binds one copy of ATG13 in the complex.  

  

Cryo-EM structure of PI3KC3-C1 

The structure of the PI3KC3-C1 and the related PI3KC3-C2 complex, involved in late stages in 

autophagy and in endosomal sorting 15 has been extensively studied 18,19,31-35, yet still no structures of the 

autophagy-specific PI3KC3-C1 have been resolved at a high enough resolution to place amino acid side 

chains. Here, we determined the PI3KC3-C1 structure at a best local resolution of 3.26 Å, allowing 

accurate model building with side-chain assignment (Fig. 3, Extended Data Fig. 3).   The refined structure 

is in a similar overall conformation to that of the PI3KC3-C1-NRBF2 complex 18 and the density quality 

facilitated building a high-confidence molecular model (Extended data Fig. 4). The VPS34KD (kinase 

domain) was not visualized, consistent with past observations of its flexibility 34 (Fig. 3a, Extended data 

Fig. 3c). The VPS15HSD (helical solenoid domain)-VPS34C2 core is the best-resolved region of the 

complex (Extended data Fig. 3e). The BECN1BARA-ATG14LBLD (BARA-like domain)-VPS15WD40 forms 

a rigid tertiary subcomplex, and its position relative to the VPS15HSD-VPS34C2 core is dynamic 

(Extended data Fig. 3f). A nucleotide diphosphate (NDP) molecule is bound in the VPS15pKD (pseudo-

kinase domain) catalytically inactivated cognate of the kinase active site (Extended data Fig. 5a,b). 
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VPS15pKD contains an Ala at the position where a Gly is required for full kinase catalytic activity, and in 

other respects matches the motifs and structure expected for an active protein kinase (Extended data 

5c,d). This reconstruction thus allowed us to accurately assign the amino acid residues to the three-

dimensional structure and identify that an NDP is stably bound to VPS15. 

 

ULK1C and PI3KC3-C1 form a supercomplex via FIP200 and VPS15 

It has been unclear whether PI3KC3-C1 is recruited coordinately with ULK1C by a direct mutual 

interaction versus some other mechanism. To determine if there was a direct interaction, and if so, with 

which portion of the complex, we assessed binding of PI3KC3-C1 to the ULK1C core and the ATG13-

ATG101 HORMA dimer.  Robust direct binding between FIP200 and the PI3KC3-C1 was observed by 

pull-down and bead binding assays (Fig. 4a). The ATG13-ATG101 HORMA dimer does not strongly 

interact with PI3KC3-C1 under these conditions (Fig. 4b, c). ULK1C and PI3KC3-C1 were mixed and 

visualized by cryo-EM (Extended data Fig. 6a). A small population of ULK1C core in complex with 

PI3KC3-C1 was observed in this dataset (Extended data Fig. 6b). The mixture was then further purified 

by MBP pulldown FIP200NTD-MBP and the eluate subjected to cryo-EM (Extended data Fig. 7a-f). A 

larger class of the ULK1C-PI3KC3-C1 supercomplex was obtained, in which both the C-shaped density 

of the ULK1C core and the V-shaped density of the PI3KC3-C1 are clearly observed (Fig. 4d). Even 

though the 3D reconstruction was limited to a resolution of 6.3 Å, the map quality was sufficient to dock 

the higher resolution models of the individual complexes (Fig. 4e).  

 

The main interface of the super-complex is formed between the globular FIP200ULD domain of 

the ULK1C and the curved VPS15HSD domain of PI3KC3-C1. The interaction is mediated by three 

hydrophobic clusters (FIP200A39/I40:VPS15V566, FIP200L80:VPS15A606/L645/L647, 

FIP200F457/L460:VPS15I686) (Extended data Fig. 7g,h,k). The same general surface of VPS15HSD binds 

NRBF2 and UVRAGC2 in the PI3KC3-C1 and -C2, respectively18,32 (Extended data Fig. 7i,j). Binding 

of NRBF2 and ULK1C to PI3KC3-C1 therefore appears to be mutually exclusive. The overlap with 

UVRAGC2 suggests that PI3KC3-C2 cannot interact with ULK1C in this mode, consistent with the 

unique role of PI3KC3-C1 in autophagy initiation. 

 

Formation of a 2:2:2 ULK1 core complex induced by PI3KC3-C1 

In the same ULK1C:PI3KC3-C1 data set described above, a particle class of ULK1C alone showing 

clear 2:2:2 stoichiometry was obtained (Fig. 5a, Extended data Fig. 6c). The presence of the ULK1MIT-

ATG13MIM heterodimer was confirmed on both of the FIP200 shoulders, demonstrating that the 
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stoichiometry of the ULK1 complex is altered by the presence of PI3KC3-C1. The supercomplex 

structure showed that the N-terminus of the BECN1 and ATG14L binds near ATG13 sites #1-3 on 

FIP200. The interaction with site #2 is asymmetric and we therefore hypothesized that its main role is to 

inhibit 2:2:2 ULK1C formation. We hypothesized that PI3KC3-C1 acts by displacing the ATG13 from 

site #2, and potentially, sites #1 and 3. To test this model, we truncated ATG13MR at residue 450 and 

determined the structure of the ATG13D1-450 ULK1C core by cryo-EM in the absence of PI3KC3-C1. The 

2D averages clearly show densities ULK1MIT-ATG13MIM heterodimer on both sides of the shoulder (Fig. 

5b), which was confirmed by 3D reconstruction at 4.46 Å (Extended Data Fig. 2d-h). This demonstrated 

that ATG13MR has an inhibitory function on recruitment of the second ULK1 kinase to the FIP200 dimer, 

which is relieved upon formation of the supercomplex with PI3KC3-C1. 

  

Discussion 

Despite that ULK1C and PI3KC3-C1 are at the heart of human autophagy initiation 36, there have been 

three major gaps in understanding how autophagy is switched on by these two complexes. First, the 

available structures have been either too fragmentary or at inadequate resolution to draw mechanistic 

conclusions about the integrated regulation of the entire complexes. Second, beyond the ability of ULK1 

to phosphorylate all four subunits of PI3KC3-C122,23 ,24,25, it has been unclear how the activities of the 

two complexes are coordinated. Third, thinking about activation of ULK1C, in particular, has been cen-

tered on its response to nitrogen starvation and mTORC1 inhibition (mTORCi) 10,11,13. Yet the physio-

logical pathways of greatest biomedical importance, notably in neurobiology, are largely independent of 

mTORCi 37.  

 

Here, we filled the first gap with cryo-EM reconstructions of the ULK1C core and PI3KC3-C1 

that permit amino acid-level interpretation. Remaining gaps in the structure were filled in by AlphaFold2 

predictions validated against pre-existing HDX-MS data and site-directed mutagenesis 20. With respect 

to the second gap, we found that ULK1C and PI3KC3-C1 form a physical complex mediated by FIP200 

and VPS15 subunits. The ULK1C core, which lacks the ATG13:ATG101 HORMA domains, binds 

PI3KC3-C1 stably enough to yield a cryo-EM reconstruction. This differs from a recent report that ULK1 

binds to a BECN1:ATG14 subcomplex of PI3KC3-C1 only in the presence of an ATG9 complex and 

only with full-length HORMA domain-containing ATG13 and ATG101 38. In contrast, we found that the 

ATG13:ATG101 HORMA dimer interacts only weakly with the complete PI3KC3-C1, and that the pres-

ence of ATG9 is not needed for the two complexes to interact. With respect to the third gap, the obser-

vation that PI3KC3-C1 binding to ULK1C triggers a rearrangement of ULK1C from a 2:1:1 to a 2:2:2 
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complex. The rearrangement suggests a mechanism for activation that depends on the co-recruitment of 

ULK1C and PI3KC3-C1, but does not conceptually depend on any particular upstream pathway.   

 

 ULK1 kinase activity requires autophosphorylation at Thr180 39, as does its yeast ortholog, Atg1 
40. Artificially induced dimerization of yeast Atg1 is known to promote its activation 41,42. The dimeriza-

tion and subsequent autophosphorylation of receptor-linked tyrosine kinases (RTKs) is the central para-

digm for kinase activation in growth factor signaling 43. These findings suggest that PI3KC3-C1- and 

ATG13-regulated ULK1 kinase dimerization is the autophagic cognate of the dimerization-based RTK 

activation paradigm (Fig.5c). The presence of an excess of 2:2:2 ULK1C cores relative to ULK1C: 

PI3KC3-C1 supercomplexes suggests that PI3KC3-C1 acts as an exchange factor to promote the 2:2:2 

complex, serving to displace ATG13 from the autoinhibitory site #2. This model suggests that PI3KC3-

C1 does not need to remain tightly bound in a supercomplex to ULK1C following activation (Fig.5c), 

but PI3KC3-C1 would be susceptible to phosphorylation by ULK122,23 ,24,25.   

 

 Most, but not all, autophagy initiation pathways require ULK1/2. In OPTN-mediated Parkin-de-

pendent mitophagy, TBK1 replaces the requirement for ULK1/2 28. We found that TBK1 contains a 

scaffold domain that closely resembles the arm of FIP200 involved in binding to VPS15 (Extended Data 

Fig. 2b and Extended Data Fig. 7h), and TBK1 has been shown to bind directly to PI3KC3-C128. It will 

be interesting to determine if TBK1 uses its FIP200 arm-like domain to bypass the need for ULK1/2 in 

OPTN mitophagy. The role of VPS15 as the major bridge to FIP200 calls attention to the largest but least 

studied subunit of PI3KC3. The role of the VPS15 pseudokinase domain in PI3KC3 function has been a 

mystery since its initial identification in yeast 44. The presence of a bound NDP in the vestigial pseudo-

kinase catalytic pocket suggests a regulatory role for this site in PI3KC3 function. 

 

Given the large interface between VPS15 and FIP200, and the multiple contacts between the 

ATG13MR and FIP200, various upstream kinases and other signaling inputs could regulate formation of 

the ULK1C:PI3KC3-C1 supercomplex and the activated 2:2:2 ULK1C. While mTORC1 is one candidate 

to modulate these complexes, these mechanisms are in principle general and could be regulated by other 

kinases such as AMPK 45 or TBK1 46, or by colocalization driven by selective autophagy cargo receptor 

clustering 47 or condensate formation48. The new activation-related interfaces identified in this study are, 

of course, also suggestive of new concepts for the therapeutic upregulation of autophagy. The concept of 

ULK1C:PI3KC3-C1 supercomplex formation at the heart of autophagy initiation thus puts both the sig-

naling and therapeutic aspects of autophagy initiation into new perspective. 
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Materials and Methods  

 

Plasmid construction 

The sequences of all DNAs encoding components of human ULK1C were codon optimized, synthesized 

and then subcloned into the pCAG vector. The fusion construct of ATG13 C-terminal with ULK1MIT 

domain was subcloned as a TwinStrep-Flag (TSF), TEV cleavage site, ATG13 (363-517) or (450-517), 5 

amino acid linker (GSDEA) followed by ULK1 (836-1050) into the pCAG vector. Proteins were tagged 

with GST, MBP or TSF for affinity purification, pull-down or GSH beads assay. All constructs were 

verified by DNA sequencing. Details are shown in Table 1. 

 

Protein expression and purification 

For cryo-EM samples of FIP200NTD:ATG13363-517-ULK1MIT complexes, pCAG-FIP200NTD (1-640) was 

co-transfected with pCAG-TSF-ATG13363-517-ULK1MIT (836-1050) using the polyethylenimine (PEI) 

(Polysciences) transfection system. FIP200NTD-MBP:ATG13363-517-ULK1MIT-TSF were co-expressed in 

HEK293 GnTi- cells for the FIP200:PI3KC3-C1 cryo-EM study. Cells were transfected at a concentration 

of 2 × 106/ml. After 48 hours, cells were pelleted at 500x g for 10 min, washed with PBS once, and then 

stored at −80°C. Cell pellets were lysed at room temperature for 20 min with lysis buffer (25 mM HEPES 

pH 7.5, 200 mM NaCl, 2 mM MgCl2, 1 mM TCEP, 10% Glycerol) with 5 mM EDTA, 1% Triton X-100 

and protease inhibitor cocktail (Thermo Scientific) before being cleared at 17000x rpm for 35 min at 

4 °C. The clarified supernatant was purified on Strep-Tactin Sepharose resin (IBA Lifesciences) and then 

eluted in the lysis buffer with 4mM desthiobiotin (Sigma). After His6-TEV cleavage at 4°C overnight, 

samples were concentrated then load onto a Superose 6 Increase 10/300 GL column (Cytiva) in the buffer 

of 25 mM HEPES pH 7.5, 150 mM NaCl, 1 mM MgCl2, 1 mM TCEP.  

 

PI3KC3-C1 complex was expressed in HEK293 GnTi- cells via PEI transfection from codon 

optimized pCAG-VPS15-TSF, pCAG-VPS34, pCAG-ATG14 and pCAG-Beclin-1. pCAG-GST-ATG14 

or pCAG-mCherry-ATG14 was used in PI3KC3-C1 expression for GST pull down or microscopy-based 

GSH bead assay. Cells were transfected at a concentration of 2 × 106/ml and harvested after 48 hour post-

transfection. Pellets were homogenized 20 times by Pyrex douncer (Corning) in lysis buffer with 25mM 

TCEP/proteinase inhibitors (Thermo Scientific), and then add 10% Triton X-100 stock to final 1% 

concentration. After rocking at 4 °C for 1 hour, lysates were clarified by centrifugation (17,000 x rpm for 

40 min at 4 °C) and incubated with Strep-Tactin Sepharose (IBA Lifesciences) at 4 °C overnight. After 

eluting with lysis buffer/4 mM desthiobiotin, samples were concentrated and then loaded onto a Superose 
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6 Increase 10/300 GL column (Cytiva) in 25 mM HEPES pH 7.5, 300 mM NaCl, 1 mM MgCl2, 25 mM 

TCEP.  

 

FIP200NTD related proteins in Figure 4 b, c were purified using strep-tactin Sepharose resin as described 

above, and then loaded onto a Superose 6 Increase 10/300 GL column (Cytiva). ATG101:ATG13N 

HORMA related proteins in Figure 4b, c were purified using strep resin and a Superdex 200 Increase 

10/300 GL column (Cytiva) equilibrated in 25 mM HEPES pH 7.5, 150 mM NaCl, 1 mM MgCl2, 1 mM 

TCEP.  

 

Strep pull down assay 

FIP200NTD-TSF WT or mutants were co-transfected with GST-ATG13363-517 and/or ULK1MIT-MBP in 10 

ml of HEK293 GnTi- cells. The cells were harvested 48 hours after transfection. The pellets were 

homogenized in 0.5 ml of lysis buffer/protease inhibitors/1% TritonX-100, and clarified after 40,000g x 

15 min. The lysate was incubated with 30 µl Strep-Tactin Sepharose resin (IBA-Lifesciences) at 4°C for 

3 hours. The beads were washed four times, and then eluted in 50 µl lysis buffer/4 mM desthiobiotin. 18 

µl eluent was mixed with lithium dodecylsulfate (LDS)/BME buffer, heated at 60°C for 5 min and 

subjected to SDS/PAGE gel. The gel was then stained with Coomassie brilliant blue G250. 

 

GST pull down assay 

GST tagged protein and fluorescent protein were mixed with 30 µl Glutathione Sepharose beads (Cytiva) 

at final 1 µM concentration in the buffer of 25 mM HEPES at pH 7.5, 150 mM NaCl, 1 mM MgCl2 and 

1 mM TCEP. The total volume is 200 µl. After rocking at 4°C overnight, the beads were washed four 

times, then eluted in 50 µl of buffer/25 mM glutathione. 18 μl eluent was mixed LDS/BME buffer and 

subjected to SDS/PAGE gel without heating samples. The gel was scanned at 488 or 550 nm in ChemiDoc 

MP imaging system (Bio-Rad). 

 

Microscopy-based GSH bead protein-protein interaction assay 

A mixture of 1 µM purified GST tagged protein and 500 nM purified fluorescent protein in total 70 µl 

volume was incubated with 9 µL pre-blocked Glutathione Sepharose beads (Cytiva) in a reaction buffer 

containing 25 mM HEPES at pH 7.5, 150 mM NaCl, 1 mM MgCl2 and 1 mM TCEP. After incubation at 

room temperature for 30 min, samples were mixed with additional 100 µL reaction buffer, and then 

transferred to the observation chamber for imaging. Images were acquired on a Nikon A1 confocal 
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microscope with a Nikon Plan APO VC 20x/0.75 NA UV Microscope Objective. Three biological 

replicates were performed for each experimental condition. 

 

Sample preparation of FIP200:PI3KC3-C1 complex for cryoEM  

FIP200NTD-MBP:ATG13363-517-ULK1MIT-TSF (final 5 µM) was mixed with PI3KC3-C1-TSF complex 

at 1:1.5 molar ratio in total 200 µl volume, rocking at 4°C overnight. Next day, the sample was incubated 

with 50 µl amylose resin (New England Biolab) at 4°C for 3 hr. After one wash, the beads were eluted 

in 50 µl of 35 mM Maltose with the buffer of 25 mM HEPES pH 7.5, 200 mM NaCl, 1 mM MgCl2, 25 

mM TCEP.  

 

Sample vitrification and cryo-EM data acquisition 

For cryo-EM sample preparation, 3 μl of protein solution was applied onto a grid freshly glow-discharged 

in PELCO easiGlow system (Ted Pella). In-house graphene grids were prepared from Trivial Transfer 

Graphene sheets (ACS Material) and QUANTIFOIL R2/1 mesh 300 gold (Electron Microscopy 

Sciences) by following a protocol introduced by Ahn et., al 49. The graphene grids were used for the 

ULK1C (2:1:1) core sample, and holey carbon grids (QUANTIFOIL R1.2/1.3 or R2/1 mesh 300, 

Electron Microscopy Sciences) were sufficient for the other samples. The samples were vitrified with a 

Vitrobot cryo-plunger (Thermo Fisher Scientific) in plunging conditions optimized previously. The final 

concentration of each sample was summarized in Table 1. 0.05%(w/v) of n-Octyl-Beta-D-

Glucopyranoside was added in the sample solution as a surfactant before vitrification. 

 

The datasets of ULK1C (2:1:1) core and the ULK1C:PI3KC3-C1 mixture were recorded at a 300 

kV Titan Krios microscope (Thermo Fisher Scientific) equipped with X-FEG and energy filter set to a 

width of 20 eV. Automated data acquisition was achieved using SerialEM 50 on a K3 Summit direct 

detection camera (Gatan) at a magnification of 81,000x and a corresponding pixel size of 1.05 Å and a 

defocus range of -0.8 to -2.0 μm. Image stacks with 50 frames was collected with a total dose of 50 e/Å2. 

The other three datasets (i.e. the ULK1C (2:2:2) core, PI3KC3-C1, and the ULK1C:PI3KC3-C1 

pulldown) were recorded at a 200 kV Talos Arctica microscope (Thermo Fisher Scientific) equipped with 

the K3 Summit camera in a super-resolution correlated-double sampling mode. The magnification and 

the pixel size were 36,000x and 0.5575 Å at the super-resolution mode, respectively. Other details of the 

dataset collection are summarized in Table 2. 

 

Image processing and 3D reconstruction 
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The datasets were processed by following the workflow in cryoSPARC v4.1.1 51. In brief, the super-

resolution video stacks were motion-corrected and binned 2x by Fourier cropping using Patch Motion 

Correction. Contrast transfer function determination was done by Patch CTF Estimation, followed by 

manual removal of the outlier micrographs base on the estimated defocus and resolution value. Single 

particles were automatically picked by Topaz 52 based on a manually trained model and extracted with a 

window size that is 1.5 times larger than the target particle and further binned to 2-4x to facilitate the 

following processing. Two-dimensional (2D) classification was then used for removing obvious junk 

particles for the following classification. The initial models were obtained by using ab initio 

reconstruction. In case the reconstruction job failed to give a healthy initial model, the classes displaying 

high-resolution features in the 2D classification step were selected and used for ab initio reconstruction. 

Further classification was done at the 3D level by multiple rounds of heterogeneous refinement until a 

clean substack was obtained. The particles were re-extracted with the refined coordinates on micrographs 

at the original bin 2x pixel size and used for homogeneous refinement for multiple rounds until the final 

resolution converges. To further improve the quality of the map, local refinement was applied to the 

datasets of the ULK1C (2:1:1) core and the PI3KC3-C1. Masking areas were decided by 3D Variability 

or 3D Flex and the masks were created by UCSF ChimeraX v1.5 53 and Volume Tools. Each local map 

was aligned to the consensus map and composed by using EMAN2 54. The composed maps were then 

used for model building. The details of data processing are summarized in Table 2. 

 

Model building, validation, and visualization 

The in silico models of the ULK1C (2:1:1) core and the full length PI3KC3-C1 were generated by 

AlphaFold2 prediction 30. The resolution of the observed maps enabled amino acid sequence assignment. 

The primary and secondary structure of the predicted models agrees well with the EM maps. A flexible 

model fitting by using the real-time molecular dynamics simulation-based program ISOLDE 55 

implemented in the visualization software UCSF ChimeraX was performed, followed by iteratively 

refinement by using the model editing software Coot 56 manually and real-space refinement in Phenix 57 

automatically.  

 

The 3.26 Å resolution map of PI3KC3-C1 clearly showed side chain features and enabled us to 

assign a revised sequence register for VPS15HSD (Extended data Fig. 4a) relative to the homology-based 

prediction of the only previous related structure with an original sequence assignment 32. Based on the 

present map, the residues 527-545 and 550-568 are assigned to the 9th and 10th helixes of the VPS15HSD, 

respectively. This assignment is consistent with the Alphafold2 prediction (Extended data Fig. 4b). 

.CC-BY 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted June 1, 2023. ; https://doi.org/10.1101/2023.06.01.543278doi: bioRxiv preprint 

https://doi.org/10.1101/2023.06.01.543278
http://creativecommons.org/licenses/by/4.0/


14 
 

 

The two ULK1C (2:2:2) core models were created by aligning two copies of FIP200NTD: ATG13363-

517:ULK1MIT sub-trimeric complex to the FIP200 dimerization domain, followed by flexible model fitting 

with using ISOLDE in ChimeraX. The side chains were removed because of the moderate resolution of 

these maps. The ULK1C:PI3KC3-C1 supercomplex coordinates were generated by rigid fitting of the 

individual structures of the ULK1C (2:1:1) and the PI3KC3-C1 to the cryo-EM map. The side chains 

were removed. The quality of the models was validated by using the validation tools in Phenix and the 

online validation service provided by wwPDB 58,59. The details of the model quality assessment are 

summarized in Table 2. All the figures and videos were made using UCSF ChimeraX. 
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Fig. 1 Structure of the ULK1C core. 

a. Domain organization of the ULK1C core. Gray indicates the regions truncated in this study. NTD: N-

terminal domain, CTD: C-terminal domain, KD: Kinase domain, MIT: Microtubule-interacting and 

transport domain, HORMA: Hop1p/Rev7p/MAD2 domain, MIM: MIT-interacting motif. b. 

Representative reference-free 2D class averages of the ULK1C core. Scale bar: 20 nm. c. Overview of 

the EM map (upper) and the coordinates (lower) of the ULK1C core. Subunits are depicted in the same 

color as in (a). The map is contoured at 12σ. d. Cooperative binding of FIP200NTD to ULK1MIT and 

ATG13MIM. 
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Fig. 2 Investigation of the binding sites of ATG13MR on FIP200NTD. 

a. AlphaFold2 prediction model of the ULK1C core. b. Schematic diagram of the ULK1C core. c,d. 

Close-up of ATG13MR binding sites 1-4 and the corresponding pulldown assay.  
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Fig. 3 Structure of the PI3KC3-C1. 

a. Domain organization of the PI3KC3-C1. pKD: pseudo-kinase domain, HSD: helical solenoid domain, 

NTD: N-terminal domain, CC: coiled-coil domain, BLD: BARA like domain, IDR: intrinsic disordered 

region. b. Representative 2D class averages of the PI3KC3-C1. Scale bar: 20 nm. c. Overview of the EM 

map and d. the coordinates of the PI3KC3-C1. The map is contoured at 7σ. Subunits are depicted in the 

following color code: VPS34: purple, VPS15: pink, BECN1: green, ATG14L: yellow. The main domains 

are indicated in the same color as in (a). 
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Fig. 4 Formation of the ULK1:PI3KC3-C1 super complex. 

a. GSH beads coated with FIP200NTD bound mCherry-PI3KC3-C1. The insert indicates each protein 

fragment and its abbreviation used in the following panels. b. GSH beads coated with GST-PI3KC3-C1 

complex bound GFP-FIP200NTD of ULK1C complex. c. GSH beads coated with GST-tagged FIP200NTD 

core complex bound mCherry-PI3KC3-C1. d. Representative 2D class average of the ULK1:PI3KC3-

C1 super complex. Scale bar: 20 nm. e. Overview of the rigid docking model of ULK1:PI3KC3-C1 super 

complex superposed with the EM map contoured at 7σ. Red arrow: EM density assigned to the 

FIP200Arm. Green arrow: EM density assumed to be the BECN1NTD-ATG14LNTD.  
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Fig. 5 Structures of the ULK1C (2:2:2) core and the hypotheses of the dimerization-dependent 

auto-activation mechanism of ULK1 kinase. 

a. Representative 2D class average and the EM map of the ULK1C (2:2:2) core in the presence of 

PI3KC3-C1. The ULK1MIT-ATG13MIM domain are indicated with white arrows. Scale bar: 20 nm. The 

EM map is contoured at 7σ. b. Representative 2D class average and the EM map of the ULK1C (2:2:2) 

core of the ATG13D1-450 truncation mutant. The EM map is contoured at 14σ. c. Hypothesis for the 

dimerization-dependent auto-phosphorylation and activation of ULK1 kinase.  
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Extended data Fig. 1 Cryo-EM sample preparation, image acquisition, data processing, and model 

building of ULK1C (2:1:1) core. 

a. Size exclusion chromatography (SEC) profile of the ULK1C core. The inset shows an SDS-PAGE of 

the peak (red bar). b. A representative cryo-EM micrograph of the ULK1C core. c. Representative 2D 

class averages. d. Result of the first round of 3D classification. e. Global refinement of the final substack 

cleaned by multi-rounds of 3D classification. The FSC, local resolution, and angular distribution are 

shown accordingly. f. Masks for local refinement and the corresponding maps and FSCs. g. Final 

composed map for model building. h. Overview of the model building. The map is contoured at 12σ. i-

l, Close-up views of the map superposed with the models. Each position is indicated in (h). 
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Extended data Fig. 2 Structural comparison of the ULK1C (2:1:1) core with related proteins. 

a. Structural comparison of the FIP200 with its yeast homolog Atg17 (PDBID: 4HPQ). The dimerization 

domains are indicated with arrows. b. Structural comparison of the FIP200 with TBK1 (PDBID: 4JL9). 

b. Structural comparison of the ULK1-ATG13 with its yeast homolog Atg1-Atg13 (PDBID: 4P1N). d-f. 

Close-up views of the hydrophobic interface between the ULK1 and FIP200. Each position is indicated 

in (c).  
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Extended data Fig. 3 Cryo-EM sample preparation, image acquisition, data processing, and model 

building of PI3KC3-C1. 

a. Size exclusion chromatography (SEC) profile of the PI3KC3-C1. The inset shows an SDS-PAGE of 

the peak (red bar). b. A representative cryo-EM micrograph of the PI3KC3-C1. c. Representative 2D 

class averages. d. Result of the first round of 3D classification. e. Global refinement of the final substack 

cleaned by multi-rounds of 3D classification. The FSC, local resolution, and angular distribution are 

shown accordingly. f. Masks for local refinement and the corresponding maps and FSCs. g. Final 

composed map for model building. h. Overview of the model building. The map is contoured at 7σ. i-l, 

Close-up views of the map superposed with the models. Each position is indicated in (h). 
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Extended data Fig. 4 Sequence assignment of the VPS15 helical solenoid domain. 

a. EM map and the coordinates of the helical solenoid domain of VPS15. b. Sequence assignment and 

the close-up views of the 9-11th helixes of the helical solenoid domain. The map is contoured at 20σ.  
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Extended data Fig. 5 Structural comparison of the VPS15 pseudokinase domain with related 

proteins. 

a. Comparison of the overall structure and b. the NDP binding pockets of the pseudokinase domain of 

human VPS15 and S.cerevisiae Vps15 (PDBID:5DFZ). The EM map of VPS15 and the electron density 

map of Vps15 are contoured at 20σ and 2σ, respectively. The dotted box indicates the zooming area in 

(b). c. Comparison of the overall structure and d. the NDP binding pockets of the pseudokinase domain 

of human VPS15 and kinase domain of Protein Kinase A (yellow) (PDBID:1ATP). The dotted line 

indicates the section plan shown in (d). 
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Extended data Fig. 6 Structural determination of the the ULK1C (2:2:2) core in the PI3KC3-C1 

mixture and the ATG13D1-450 truncation mutant. 

a. A representative cryo-EM micrograph of the ULK1C:PI3KC3-C1 mixture sample. b. Representative 

2D class averages of four subpopulations of the dataset: 1) PI3KC3-C1 alone, 2) ULK1C:PI3KC3-C1 

supercomplex, 3) junk particles, and 4) ULK1C alone. c. Result of the homogeneous refinement of the 

ULK1C alone substack. The FSC, local resolution, and angular distribution are shown accordingly. The 

EM map is contoured at 7σ. d. Size exclusion chromatography (SEC) profile of the ULK1C (2:2:2) core 

of ATG13D1-450 truncation mutant. The inset shows an SDS-PAGE of the peak (red bar). e. A 

representative cryo-EM micrograph of the ULK1C core  of ATG13D1-450 truncation mutant. f. 

Representative 2D class averages. g. Result of the first round of 3D classification. h. Global refinement 

of the final substack. The FSC, local resolution, and angular distribution are shown accordingly.  
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Extended data Fig. 7 Structural determination and comparison of the ULK1C:PI3KC3-C1 

supercomplex. 

a. SDS-PAGE of the ULK1C: PI3KC3-C1 pulldown sample. b. A representative cryo-EM micrograph. 

c. Representative 2D class averages. d. The 2D class averages of ULK1C: PI3KC3-C1 supercomplex are 

sorted by manual assessment. e. The initial model created from the substack (d). f. Result of the 

homogeneous refinement. The FSC, local resolution, and angular distribution are shown accordingly. 

g. Overview of the ULK1C:PI3KC3-C1 supercomplex. h-j. Comparison of the VPS15/Vps15HSD binding 

sites in binding with FIP200, NRBF218, and UVRAG32, respectively. k.  Close-up view of the interface 

between the FIP200NTD and VPS15HSD. 
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Table 1. List of expression constructs used in this study. 
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Table 2. Cryo-EM sample preparation, data collection and refinement statistics. 
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