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The class III phosphatidylinositol 3-kinase complex I (PI3KC3-C1) is
central to autophagy initiation.We previously reported the V-shaped
architecture of the four-subunit version of PI3KC3-C1 consisting of
VPS (vacuolar protein sorting) 34, VPS15, BECN1 (Beclin 1), and ATG
(autophagy-related) 14. Here we show that a putative fifth subunit,
nuclear receptor binding factor 2 (NRBF2), is a tightly bound compo-
nent of the complex that profoundly affects its activity and archi-
tecture. NRBF2 enhances the lipid kinase activity of the catalytic
subunit, VPS34, by roughly 10-fold. We used hydrogen–deuterium
exchange coupled to mass spectrometry and negative-stain elec-
tron microscopy to map NRBF2 to the base of the V-shaped complex.
NRBF2 interacts primarily with the N termini of ATG14 and BECN1. We
show that NRBF2 is a homodimer and drives the dimerization of
the larger PI3KC3-C1 complex, with implications for the higher-
order organization of the preautophagosomal structure.

hydrogen–deuterium exchange | electron microscopy | allostery

Autophagy is a pathway of subcellular engulfment and lyso-
somal transport that is conserved throughout eukaryotes

(1). Survival during starvation is probably the primordial function
of autophagy (2). Most current research focuses on a growing array
of selective autophagy pathways in human cells (3). These include
autophagy of mitochondria (mitophagy), endoplasmic reticulum
(ER-phagy), and intracellular microbes (xenophagy). Autophagy is
generally considered protective against a range of diseases, in-
cluding several neurodegenerative diseases (4), microbial infections,
and cancer (5). Autophagy can also promote tumor growth in late
stages of cancer, and therefore agonists and antagonists of auto-
phagy are of interest as potential therapeutics (5). The centrality of
autophagy to both basic cell processes and human health has leant
urgency to understanding its underlying molecular mechanisms.
Bulk and selective autophagy share common machinery for

the initiation and growth of the double-membrane sheet known
as the phagophore. The phagophore matures and closes to form
the autophagosome. The proteins dedicated to autophagy number
∼41 in yeast and more in humans. They include the ULK1 (unc-51
like autophagy activating kinase 1) protein kinase complex [Atg1
(autophagy-related 1) complex in yeast], the phosphatidylinositol
3-kinase complexes I and II (PI3KC3-C1 and -C2), the integral
membrane protein ATG9, the WIPIs as PI(3P) receptors, and the
ubiquitin-like LC3 protein family and their conjugation pathway.
PI3KC3-C1 functions in autophagy initiation (6, 7), whereas
PI3KC3-C2 is important for autolysosome formation at a later
step in autophagy (8). The two PI3KC3 complexes share three
subunits in common: the lipid kinase subunit VPS34 (vacuolar
protein sorting 34) and the regulatory subunits BECN1 (Beclin 1)
and VPS15. PI3KC3-C2 contains the unique subunit UVRAG
(UV radiation resistance associated), which is involved in regulat-
ing the fusion of autophagosomes to lysosomes (9). PI3KC3-C1 is
targeted to sites of autophagy initiation (known as the phagophore
assembly site in yeast) by its unique ATG14 subunit (10, 11).
The structure of the four-subunit human PI3KC3-C1 assembly

was determined at low resolution by our group by negative-stain
EM and revealed an overall V-shaped architecture (12). One arm
of the V contains the VPS34 lipid kinase and VPS15 pseudokinase

domains, whereas the other includes BECN1, ATG14, and the
WD40 (WD repeat) domain of VPS15. The N termini of BECN1
and ATG14 and the HEAT (Huntingtin, elogantion factor 3,
protein phosphatase 2A, and TOR1) repeat domain of VPS15
reside near the base of the V. A higher-resolution crystal structure
of yeast PI3KC3-C2 confirmed these features, with the exception
that Vps38 was present instead of ATG14 (13). The complex un-
dergoes at least two large-scale structural movements. The V is
capable of opening and closing to the extent of about 45°, and
the VPS34 lipid kinase undergoes dislodging from the rest of the
complex (12).
Recently a putative fifth subunit of the PI3KC3-C1 complex

was identified in yeast and named Atg38 (14). Atg38 consists
of an N-terminal MIT (microtubule interaction and transport)
domain and a C-terminal coiled coil, together with connecting
linkers. Atg38 dimerizes via its coiled coil (14). In atg38Δ cells,
autophagic function is reduced, and the PI3KC3-C1 complex
tends to dissociate into subcomplexes consisting of Vps15–Vps34
and Atg6–Atg14. The human ortholog of Atg38 is NRBF2 (nu-
clear receptor binding factor 2). In parallel with the observations
for Atg38 and yeast PI3KC3-C1, NRBF2 is an interactor and/or
component of the mammalian PI3KC3-C1 complex (15–17).
Cells from NRBF2 knockout mice show reduced autophagy,
reduced PI3KC3 activity, and reduced stability of PI3KC3-C1
(15). Knockdown of NRBF2 with shRNA resulted in similar ef-
fects (16). A third report also concluded that NRBF2 was asso-
ciated with PI3KC3-C1; however, siRNA knockdown of NRBF2
led to an increase in autophagy in this report (17).
The observations that PI3KC3-C1 contains and/or is regulated

by Atg38 in yeast and NRBF2 in mammals suggests a conserved
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and fundamental role for this protein in autophagy (18). We set
out to understand the role of NRBF2 in the assembly, activity,
architecture, and dynamics of PI3KC3-C1. We found that NRBF2
binds to the four-subunit PI3KC3-C1 with a Kd of 40 nM, and its
dissociation from the complex was immeasurably slow. NRBF2
activates the lipid kinase activity of PI3KC3-C1 in vitro. NRBF2 is
a dimer and drives the dimerization of the larger PI3KC3-C1
complex, yet its activation of the lipid kinase is equally efficient
with the monomeric MIT (microtubule interacting and transport)
domain fragment. We probed the effect of NRBF2 on PI3KC3-C1
dynamics by hydrogen–deuterium exchange (HDX) and found
that parts of the N termini of ATG14 and BECN1 and parts of the
VPS15 HEAT repeat domain underwent changes. The largest
changes mapped to the BH3 (Bcl2-homology 3) domain of
BECN1, the binding site for Bcl-2 (B-cell lymphoma 2) family
members. By EM, the binding site of the NRBF2 MIT domain
responsible for activation was mapped to the base of the V-shaped
PI3KC3-C1 structure, close to the ATG14 and BECN1 N termini.
These data portray the predominant active form of PI3KC3-C1, as
it functions in autophagy, as a homodimer of heteropentamers.
This view of PI3KC3-C1 architecture has implications for the
membrane interactions, activity, and regulation of PI3KC3-C1 in
autophagy induction.

Results
NRBF2 Is a Tightly Bound Subunit of PI3KC3-C1. To investigate
whether NRBF2 is a transient vs. intrinsic subunit of PI3KC3-C1,
we performed fluorescence recovery after photobleaching (FRAP).
PI3KC3-C1 was immobilized on streptavidin resin through tags
containing the streptavidin-binding peptide. Purified recombinant
GFP-NRBF2 was incubated with these beads for 10 min. The

beads were imaged and regions of the streptavidin bead were
photobleached while recording fluorescence recovery. After
photobleaching via a high-intensity laser pulse, GFP-NRBF2
exhibited negligible fluorescence recovery during 450 s of mea-
surement (Fig. 1A). The antiapoptotic factor Bcl-2 binds the BH3
domain of BECN1 and is considered a negative regulator of
autophagy (19, 20), but not an intrinsic subunit of PI3KC3-C1.
The Bcl-2 isoform Bcl-XL binds BECN1 with an affinity of 2.3 μM
(21). As a control, a soluble version of Bcl- XL lacking its trans-
membrane domain was purified and exchange of GFP-Bcl-XL

ΔTM

was monitored following the same procedure as for GFP-NRBF2.
GFP-Bcl-XL

ΔTM exhibits steady fluorescence recovery over the
same 450-s interval (Fig. 1B).
To determine the affinity of the interaction between full-length

NRBF2 and PI3KC3-C1, pull-down experiments were performed
by titrating NRBF2 onto PI3KC3-C1–bound beads. PI3KC3-C1
was immobilized on streptavidin resin through streptavidin-binding
peptides tagged to PI3KC3-C1, and the amount of NRBF2 re-
tained was measured through densitometry of an SDS/PAGE gel
(Fig. S1). On the basis of fits to these data, NRBF2 binds to com-
plex I with a dissociation constant of 40 nM (Fig. 1C). The 50-fold
higher affinity compared with Bcl-XL

ΔTM was consistent with the
inability of NRBF2 to exchange from PI3KC3-C1–containing beads
in FRAP experiments.

NRBF2 Dimerizes PI3KC3-C1. Size-exclusion chromatography (SEC)
with full-length NRBF2 and PI3KC3-C1 indicates that it dimer-
izes in solution. This is consistent with the finding that Atg38, the
Saccharomyces cerevisiae homolog of NRBF2, is a homodimer
on the basis of analytical ultracentrifugation (14). The central and
C-terminal region must be responsible for dimerization, because a

Fig. 1. NRBF2 is a tightly bound subunit that activates and dimerizes PI3KC3-C1. (A) Quantitation of FRAP of GFP-NRBF2 bound to PI3KC3-C1. Recovery was
monitored at 2-s intervals for 450 s. PI3KC3-C1 is bound to StrepTactin resin through streptavidin protein binding tags on PI3KC3-C1. Averages and SD of three
replicates are shown. (B) Quantitation of FRAP of GFP- Bcl-XL

ΔTM bound to SBP-PI3KC3-C1; recovery was monitored for 450 s. PI3KC3-C1 is bound to Strep-
Tactin resin through streptavidin protein binding tags on PI3KC3-C1. Averages and SD of three replicates are shown. (C) Binding curve of the average of three
independent binding assays, displayed with the SEM, shows the binding affinity to be 40 nM. (D) MALS of full-length NRBF2 (pink trace) and NRBF2ΔCC (blue
trace). Full-length NRBF2 is 78 kDa and NRBF2ΔCC is 27 kDa. (E) SEC with PI3KC3-C1+NRBF2 (black trace) and PI3KC3-C1 (blue trace). The peak shifts from
13.6 mL to 11.2 mL on a Superose 6 10/30 column. Molecular weight standards are indicated. (F) In vitro activity assay using sonicated liposomes containing
phosphatidylinositol with PI3KC3-C1 and, where indicated, NRBF2 or NRBF2ΔCC. RLU, relative light units.
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truncation of NRBF2 at residue 159 NRBF2ΔCC was monomeric
in solution on the basis of multiangle light scattering (MALS)
analysis (Fig. 1D). When PI3KC3-C1 is mixed with NRBF2 and
subject to SEC, the elution peak shifts from 13.6 mL, consistent
with molecular weight standard of 440 kDa to 11.2 mL, which is
larger than the 669-kDa molecular weight standard (Fig. 1E and
Fig. S1B). This indicates that the presence of NRBF2 leads to
formation of a larger complex.

NRBF2 Enhances PI3KC3-C1 Kinase Activity. NRBF2 contains an
N-terminal MIT domain and a central coiled coil. The MIT domain
spans residues 1–80, and the coiled coil spans residues 160–210.
MIT domains are three-helix bundles, first well-studied in pro-
teins of the ESCRT pathway, notably Vps4 (22). To determine
whether NRBF2 affects the catalytic activity of PI3KC3-C1,
recombinant NRBF2 was incubated with purified PI3KC3-C1.
The activity was assessed on sonicated liposomes (∼50–100 nm)
containing 22 μM substrate phosphatidylinositol. Addition of
NRBF2 enhanced the catalytic activity of PI3KC3-C1 10-fold in
the presence of saturating amounts of NRBF2 (Fig. 1F). A
monomeric version of NRBF2 without its coiled-coil domain was
equally capable of activating the complex, indicating the MIT
domain is sufficient for activation (Fig. 1F). The activating effect
of NRBF2 is thus separate from its ability to dimerize PI3KC3-C1.
These in vitro data are in agreement with a previous report that
found that the coiled coil was dispensable for the interaction be-
tween NRBF2 and PI3KC3-C1 in cells by immunoprecipitation
(15). The data show that NRBF2-MIT is necessary and sufficient
for activation of PI3KC3-C1.

Mapping Binding Sites via HDX-MS. To probe the location of the
NRBF2 subunit within PI3KC3-C1, and its effects on confor-
mation and dynamics, HDX-MS experiments were performed on
PI3KC3-C1 and on the complete PI3KC3-C1 including NRBF2.
Peptide coverage was obtained for the majority of the 390-kDa
PI3KC3-C1 complex. The peptide coverages for each subunit
were VPS15 (81%), VPS34 (75%), BECN1 (62%), and ATG14
(51%) (Fig. 2 and Figs. S2–S4). HDX labeling reactions pro-
ceeded for 10 s, which is sufficient to deuterate fully solvated
amides (23, 24). High-quality peptides were analyzed, clearly
separated from other peptides, and inspected individually. HDX-MS
analysis of PI3KC3-C1 is largely consistent with our previous anal-
ysis of VPS34 and VPS15 (12). All four subunits contained at least
one peptide for which the percent hydrogen exchange changed by
more than 10% in the presence of NRBF2 (Fig. 2), indicating that
inclusion of NRBF2 has wide-ranging consequences for the flexi-
bility of PI3KC3-C1.
Although previous reports have established that Atg38/NRBF2’s

MIT domain binds to Atg14/ATG14 (14, 15), the precise location
was unknown. Atg14 has a central-coiled domain, but little is
known about structure at either terminus. The C-terminal mem-
brane targeting region of ATG14 (Barkor/Atg14 autophagosome
targeting sequence, or BATS) is required for recruitment of PI3KC3-
C1 to the autophagosomal membrane (25). The following ATG14
peptides showed a reduction in exchange: N terminus 38–48 (−12%)
and 49–63 (−7%) and coiled-coil domain 98–116 (−12%). Multiple
overlapping peptides from the N-terminal domain of BECN1
showed a decrease in exchange due to NRBF2: 113–122 (−32%),
123–138 (−16%), 123–139 (−14%), and 153–167 (−8%). ATG14
and BECN1 have a parallel orientation with respect to their coiled-
coil domains, and both N termini reside at the base of complex I (12).
These large changes in the N-terminal regions of both ATG14 and
BECN1 are consistent with a major effect on the dynamics of the
base of the V-shaped complex when NRBF2 is present.
VPS15 contains an N-terminal serine/threonine protein kinase-

homology domain, an alpha-helical HEAT repeat, and a C-terminal
WD40 domain (26). The regions that showed the most change
within VPS15 are within the HEAT repeat, which serves as a scaffold

to bridge the left regulatory arm (BECN1 and ATG14) and the right
catalytic arm (kinase domains of VPS34 and VPS15; Fig. 3A).
Multiple peptides within the central HEAT repeat of VPS15 showed
decreased deuterium incorporation in the presence of NRBF2: 447–
476 (−8%), 448–476 (−5%), 501–507 (−17%), 545–564 (−10%),
607–629 (−10%), 643–669 (−6%), 693–716 (−10%), 710–716
(−20%), and 742–770 (−6%) (Figs. 2 and 3 B and C). These
peptides map to regions of the HEAT repeat found in the base
of PI3KC3-C1. This indicates that the HEAT repeat of VPS15
becomes more protected in the presence of NRBF2 (Fig. 3B).
The VPS15 kinase domain showed an increase in exchange in

the following peptides: 102–110 (+7%), 101–109 (+5%), and
111–122 (+14%); these changes have been mapped to peptides
that surround the VPS15 catalytic loop and activation loop (Fig. 4).
The VPS15 HEAT–WD40 linker region shows differences in HD
exchange: 864–881 (+12%), 864–882 (+14%), and 945–957 (−5%).
The corresponding peptides were not ordered in the yeast crystal
structure and could not be mapped.
Finally, the catalytic subunit VPS34 showed differences in

exchange. In the extreme N terminus, there was an increase in
exchange for peptide 13–39 (+18%). VPS34 contains an N-terminal
C2 domain that, along with the HEAT repeats of VPS15, helps
bridge the two arms of the complex. We observed changes in
deuterium exchange in two VPS34-C2 peptides: 42–49 (−23%) and

Fig. 2. Global mapping of dynamics changes in the presence of NRBF2.
HDX-MS was performed on PI3KC3-C1 and PI3KC3-C1+NRBF2 for 10 s and
peptides showing a difference in exchange are noted on the secondary
structure elements. Peptides and the relative percent exchange are stated.
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176–193 (−6%). Two more peptides in the C2–HELCAT linker
region decreased in exchange: 204–235 (−19%) and 207–235 (−6%).
Within the lipid kinase domain, there was a decrease in exchange

for a single peptide: 591–611 (−5%). This peptide lies on a distal

face of the VPS34 kinase domain, facing away from the VPS15
kinase domain. The rest of the HELCAT was well-covered and
peptides analyzed did not show differences in HD exchange
greater than 5% either way. Overall, the base of the complex

Fig. 3. Dynamics changes at the base of the V. (A) Peptides from PI3KC3-C1 showing a difference in exchange due to the presence of NRBF2 have been
mapped onto the S. cerevisiae crystal structure of PI3KC3-C2. (B) Protection converges at the base of PI3KC3-C1. (C) Sample peptides from BECN1, VPS15, and
ATG14 showing protection due to the presence of NRBF2. (Bottom) PI3KC3-C1 0% control. (Middle) PI3KC3-C1 10 s D2O. (Top) PI3KC3-C1+NRBF2 10 s D2O.

Fig. 4. Dynamics changes in kinase domains.
(A) Crystal structure colored according to subunit:
VPS15 (gray), VPS34 (red), BECN1 (green), and ATG14
(pink). (B) Kinase domain of VPS15 (gray), kinase domain
of VPS34 (red), activation loop of VPS34 (yellow), and
peptides showing a decrease in protection due to NRBF2
(light pink and pink). (C) VPS15 peptide 110–122 (cor-
responds to yeast 110–120). (Bottom) PI3KC3-C1 0%
control. (Middle) PI3KC3-C1 10 s D2O. (Top) PI3KC3-C1+
NRBF2 10 s D2O. (D) VPS15 peptide 265–278 (corre-
sponds to yeast 249–262). (Bottom) PI3KC3-C1 0% con-
trol. (Middle) PI3KC3-C1 10 s D2O. (Top) PI3KC3-C1+
NRBF2 10 s D2O.
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showed the greatest changes in exchange (Fig. 3B). These data are
strongly suggestive that NRBF2 binds at the base of PI3KC3-C1,
but taken by themselves they do not rule out that NRBF2 could
bind elsewhere and allosterically trigger these changes. These ex-
periments were carried out with full-length NRBF2 and therefore
do not rule out the possibility that these changes in exchange are
due to PI3KC3-C1 dimerization.

Single-Particle EM Reveals That NRBF2 Is Part of the Base of PI3KC3-
C1. Single-particle negative-stain EM was used to directly visu-
alize the location of NRBF2 within the complex. To simplify the
analysis, the monomeric construct NRBF2ΔCC (Fig. 5A), which is
necessary and sufficient for incorporation into the complex, was
used. An N-terminal maltose binding protein (MBP) tag was fused
to NRBF2ΔCC to aid in its identification. PI3KC3-C1 was used as a
reference for 2D classification. Of the 49,339 particles we picked,
18,398 particles (37%) contained extra density corresponding to the
globular MBP tag (Fig. 5 B and C). A difference map was calcu-
lated by subtracting the unlabeled reference group (PI3KC3-C1)
from the labeled group (PI3KC3-C1+MBP-NRBF2ΔCC) to localize
additional density attributed for the MBP tag. Two-dimensional
projections showed when NRBF2ΔCC is bound the VPS34 kinase
domain can adopt both the lodged and dislodged conformations
(Fig. 5 B and C), as previously seen for PI3KC3-C1 (12).

Discussion
We found that NRBF2 binds with very high affinity to the rest of
the PI3KC3-C1. Once bound, NRBF2 is nonexchangeable on the
time scale of our experiment. This is consistent with the concept,
from cell-based studies, that NRBF2 is a fifth core subunit of the
active form of mammalian PI3KC3-C1 (15–17), as found also for

yeast Atg38 (14). In vitro, we find that NRBF2 potently activates
the lipid kinase activity of PI3KC3-C1. This is also consistent with the
loss-of-function phenotype seen in atg38Δ yeast cells (14), NRBF2−/−

MEFs (15), and NRBF2-siRNA-treated HEK293T cells (16).
Both direct observation by negative-stain EM and the selective

localization of dynamic changes from HDX map the NRBF2
binding site to the base of the PI3KC3-C1 V. The large changes
in hydrogen exchange in the N termini of both BECN1 and
ATG14 suggest that both are involved in direct contacts with
NRBF2. It is interesting that the C2 domain of UVRAG (or
Vps38 in yeast) occupies essentially the same location in the
overall architecture (12, 13). Perhaps there could be some re-
dundancy in the roles of the NRBF2MIT domain and the UVRAG
C2 domain. The largest of all of the changes in HDX protection
correspond to the BH3 region of BECN1, the binding site for
Bcl-2 (21). It remains to be determined to what extent there is
interplay between the binding of Bcl-2 family members and
NRBF2 isoforms.
Outside of the immediate vicinity of the NRBF2 binding site

the largest changes in dynamics occur in the VPS15 kinase do-
main. The most affected portion of the VPS15 kinase domain is
close to the VPS34 HELCAT domain and forms an interface
that includes the activation loop and catalytic site of the VPS34
lipid kinase domain. This suggests an attractive mechanism for
NRBF2 enhancement of kinase activity via modulation of the
VPS15-VPS34 interface. However, we did not observe changes
in HDX protection in the VPS34 lipid kinase domain above the
5% threshold. The regions of VPS34 involved in catalysis were
covered in the study. The structural basis for the increased ac-
tivity of the NRBF2-containing PI3KC3-C1 complex remains to
be elucidated.
Probably the clearest and most significant implication of these

results is that PI3KC3-C1 functions as a decamer (dimer of
pentamers). Dimerization has important consequences for the
mode with which PI3KC3-C1 can interact with membranes. For
example, oligomers of the ATG14 subunit have been proposed
for tether vesicles (27). However, the monomeric four-subunit
PI3KC3-C1 has not been shown to have this property, and direct
evidence for the existence of functional endogenous ATG14
homooligomers has been lacking. The discovery that the com-
plete PI3KC3-C1 does in fact contains two copies of ATG14
suggests how tethering could in principle occur in the context of
the fully assembled decameric complex (Fig. 6).
Membrane tethering by a dimeric form of an autophagy ini-

tiation complex has a precedent, the yeast Atg1 complex. Atg1
is capable of dimerizing and tethering membranes through its

Fig. 5. Negative-stain EM mapping of the NRBF2 binding site. (A) Cartoon
of full-length NRBF2 and cartoon of MBP-tagged NRBF2ΔCC. (B) (Left) EM 2D
reference projection group of PI3KC3-C1 with kinase domain of VPS34 in the
lodged position. (Middle) Two-dimensional projection groups of PI3KC3-C1
with MBP-NRBF2ΔCC bound. Arrows indicate additional density. (Right) Two-
dimensional difference maps showing density for MBP-NRBF2ΔCC. (C) (Left)
EM 2D reference projection group of PI3KC3-C1 with kinase domain of
VPS34 in the dislodged position. (Middle) Two-dimensional projection
groups of PI3KC3-C1 with MBP-NRBF2ΔCC bound. Arrows indicate additional
density. (Right) Two-dimensional difference maps showing density for MBP-
NRBF2ΔCC.

Fig. 6. Dimeric PI3KC3-C1 containing NRBF2. NRBF2 is localized to the base of
PI3KC3-C1 and induces dimerization through its central coiled-coil domain.
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C-terminal EAT domain (28). The Atg1 complex can also form
higher-order structures that may contribute to scaffolding phag-
ophore biogenesis (29). Perhaps, as seen for the Atg1 complex,
PI3KC3-C1 can form higher-order structures on membranes and
contribute in noncatalytic ways to phagophore initiation. The
discovery that the NRBF2-containing form of PI3KC3-C1 has a
dimer-of-pentamer architecture provides a stepping stone toward
better understanding these complex events.

Materials and Methods
PI3KC3-C1 was expressed in human embryonic kidney cells via a transient
transfection from pCAG GST-tagged ATG14, pCAG OSF-Beclin-1, pCAG OSF-
VPS15, and pCAGOSF-VPS34. Full-length NRBF2 and NRBF2ΔCC was expressed
in BL21 DE3 cells and purified via a His6-MBP construct. Negative-stain EM
grids were prepared by addition of 25 nM PI3KC3-C1:MBP-NRBF2ΔCC and
floated over 1% uranyl formate. Micrographs were collected on an FEI Tecnai
12 at 49,000 magnification, contrast transfer function (CTF) correction was
estimated by CTFFIND, particles were picked via FindEM, and 2D difference

mapping was performed using EMAN2. Amide hydrogen exchange mass
spectrometry (HDX-MS) was initiated by a 20-fold dilution of stock PI3KC3-C1
(2 μM) or PI3KC3-C1 (2 μM) and full-length NRBF2 (5 μM) into D2O buffer and
incubated at 30 °C. Samples were quenched at 0 °C and pH 2.2 and injected
onto chilled HPLC setup with in-line peptic digestion and desalting steps and
analyzed by Orbitrap Discovery mass spectrometer. ATP consumption in the
presence of lipids was determined using the ADP-Glo Kinase Assay kit with
PI3KC3-C1 (20 nM), PI3KC3-C1 (20 nM) and NRBF2 (500 nM), and PI3KC3-C1
(20 nM) and NRBF2ΔCC (500 nM). The final concentration of NRBF2 used for SEC
with MALS (SEC-MALS) was 125 μM (4 mg/mL) and the final concentration of
NRBF2ΔCC for SEC-MALS was 160 μM (3 mg/mL). The FRAP experiments were
performed by incubating 50 nM PI3KC3-C1 with Strep-Tactin Sepharose beads
and adding 1 μM GFP-NRBF2 or GFP- Bcl-XL

ΔTM.
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