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Autophagy induction by starvation and stress involves the enzy-
matic activation of the class III phosphatidylinositol (PI) 3-kinase
complex I (PI3KC3-C1). The inactive basal state of PI3KC3-C1 is main-
tained by inhibitory contacts between the VPS15 protein kinase
and VPS34 lipid kinase domains that restrict the conformation of the
VPS34 activation loop. Here, the proautophagic MIT domain-containing
protein NRBF2 was used to map the structural changes leading to
activation. Cryoelectron microscopy was used to visualize a 2-step
PI3KC3-C1 activation pathway driven by NRFB2 MIT domain binding.
Binding of a single NRBF2 MIT domain bends the helical solenoid of
the VPS15 scaffold, displaces the protein kinase domain of VPS15, and
releases the VPS34 kinase domain from the inhibited conformation.
Binding of a second MIT stabilizes the VPS34 lipid kinase domain in an
active conformation that has an unrestricted activation loop and is
poised for access to membranes.

autophagy | cryo-EM | lipid kinase

Autophagy is a core cellular process, conserved throughout
eukaryotes, which is the central recycling system for the

removal of misfolded proteins, damaged organelles, and the
recycling of nutrients in starvation. Autophagic dysfunction is
implicated in many disease states, including neurodegeneration,
immune disorders, cancer, and aging, among others (1). The
class III phosphatidylinositol-3 kinase complexes (PI3KC3) I and II
(PI3KC3-C1 and -C2), respectively, are essential for the initiation
and expansion of autophagosomes (2–5). PI3KC3 generates the
lipid phosphatidylinositol-3-phosphate, PI(3)P, which is recognized
by the WIPI proteins. WIPIs, in turn, recruit the machinery that
conjugates the autophagosomal marker LC3 to the expanding
autophagosomal membrane (6). PI3KC3-C1 has been proposed to
be a promising therapeutic target for autophagy activators (7) be-
cause the generation of PI(3)P is absolutely required for the re-
cruitment of downstream autophagy proteins. There is considerable
medical interest in selectively activating this pathway to promote
human health and treat disease, yet there are no FDA-approved
pharmaceuticals that uniquely activate autophagy.
PI3KC3-C1 consists of the lipid kinase VPS34, the putative

serine/threonine protein kinase VPS15, the regulatory subunit
BECN1, and the early autophagy-specific targeting subunit ATG14
(8, 9). In PI3KC3-C2, ATG14 is replaced with UVRAG (10), while
the other 3 subunits are preserved. The overall architecture of both
PI3KC3-C1 and -C2 has the shape of the letter V (11, 12) (Fig.
1A). The long coiled coils of BECN1 and ATG14 scaffold the left
arm in the standard view, with the membrane binding BARA do-
main of BECN1 located at the outermost tip of the arm. PI3KC3-
C2 is inhibited by Rubicon and the HIV-1 protein Nef (13–15),
which regulate membrane docking by the tip of the left arm. The
catalytic domains of the kinases VPS34 and VPS15 are at the tip of
the right arm (11, 12). PI3KC3 complexes are phosphoregulated by
the Unc-51 like autophagy-activating kinase 1 (ULK1) complex
(16), among other kinases (3). PI3KC3-C1 is inhibited by anti-
apoptotic proteins Bcl-2/Bcl-XL (10). The binding of Bcl-2/Bcl-
XL and the best-characterized phosphoregulatory modulations of
PI3KC3-C1 map to the base of the V. Thus far, the structural

mechanisms of the many PI3KC3 regulators acting at the base of
the V have been undefined.
Nuclear Receptor Binding Factor 2 (NRBF2) is a positive reg-

ulator of PI3KC3-C1 that also acts at the base of the V shape (17).
NRBF2 was identified as a PI3KC3-C1–associated factor through
proteomics of the mammalian autophagy network (18). Depletion
of NRBF2 reduced autophagosome formation, implicating NRBF2
as proautophagic (18). Work in Saccharomyces cerevisiae identified
Atg38 as the homolog of NRBF2 and confirmed Atg38 to be a
proautophagic component of PI3KC3-C1 (19). The proautophagic
function of NRBF2 has been confirmed by most reports in mam-
malian cells (20–24), although contrary findings were reported by
one group (24). NRBF2 and its ortholog Atg38 contain an N-
terminal Microtubule Interacting and Trafficking (MIT) domain
that binds to PI3KC3-C1, followed by a central dimeric coiled-coil
domain (17, 19, 25) (Fig. 1B). Dimerization can be decoupled from
activation, as the N-terminal MIT domain (NRBF2MIT) alone is
sufficient to enhance the kinase activity of the autophagy-specific
PI3-Kinase in vitro (17) and to rescue autophagy induction in
MEFs (21). Here, we used cryoelectron microscopy (cryo-EM) and
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allied methods to show how NRBF2 allosterically activates PI3KC3-
C1 at a structural and mechanistic level.

Results
Characterization of PI3KC3-C1 Containing a NRBF2-MIT-BECN1 Fusion
Construct. We had previously found that (i) the isolated NRBF2MIT

was sufficient to activate PI3KC3-C1, and (ii) that the principal
binding site of NRBF2MIT included the N-terminal domain of BECN1
(17). In order to generate a nondissociable NRBF2MIT complex with
PI3KC3-C1 for cryo-EM studies, we built on these observations by
fusing NRBF2MIT to the N terminus of BECN1 using a flexible (Gly-
Gly-Ser)4 linker (SI Appendix, Fig. S1 A and B). To confirm that the
MIT-linker construct occupies the same binding site within PI3KC3-
C1 as unfused NRBF2, we purified a variant PI3KC3-C1 in whichWT
BECN1 was replaced by NRBF2MIT-BECN1 (“MIT-Fusion”), per-
formed HDX-MS, and compared the HDX protection of the NRBF2
complex to the fusion. In both cases, the reference was taken as WT
PI3KC3-C1 in the absence of NRBF2 (SI Appendix, Fig. S1C).
We observed protection patterns in VPS34, BECN1, ATG14,

and VPS15 consistent with NRBF2 binding near the base of the

complex (SI Appendix, Fig. S1D–G). Peptides within the N-terminal
domains of BECN1 and ATG14, the VPS15 helical solenoid, and
the VPS34 C2 domain showed HDX decreases of up to 50%.
However, most HDX decreases throughout the remainder of the
4 subunits did not exceed ∼10%. In the NRBF2–BECN1 fusion
complex, the regions that showed the highest protection were
typically even more protected (SI Appendix, Fig. S1 D–G). Two
regions of ATG14 that were ∼15% protected in the NRBF2
complex were ∼30% protected in the fusion, for example (SI
Appendix, Fig. S1F). Therefore, the presence of the fused
NRBF2MIT generally recapitulates the qualitative protection
pattern seen in the noncovalent complex with intact NRBF2, but
the degree of protection is greater. This is presumably because
the fused complex cannot dissociate when it is diluted into D2O
for exchange experiments. Outside of the regions expected to
interact with NRBF2, increased protection was also noted. For
example, most of the catalytic domains of VPS34 and VPS15
manifested a ∼20% increase in protection in the fusion (SI Ap-
pendix, Fig. S1 D and G). These increases are suggestive of a
more global decrease in protein dynamics in the fused construct.

Cryo-EM Structure of the BECN1–MIT–Fusion Complex. Previous EM
analyses of PI3KC3s have been limited by the dynamic character of
these complexes and by their tendency to be in preferred orien-
tations on EM grids (11, 17, 25, 26). Even when preferred orien-
tations can be reduced or eliminated, the dynamics of the catalytic
right arm of the complex (27) has still limited analysis (14). The
apparent reduction in dynamics in the BECN1-NRBF2MIT form of
PI3KC3-C1 suggested that this sample might be more tractable
to cryo-EM than the WT PI3KC3-C1 and -C2 complexes. Two-
dimensional class averages of BECN1-NRBF2MIT PI3KC3-C1
showed additional features compared to WT PI3KC3-C1 (Fig. 1
C andD). A reconstruction was obtained with an overall resolution
of 7.7 Å and local resolution ranging from 6.7 to 24 Å (Fig. 1 E and
F and SI Appendix, Fig. S2 and Table S1), showing the expected V-
shaped architecture. Domains were flexibly fitted by taking the
crystal structures of yeast PI3KC3-C2 (12) and the NRBF2MIT

(Protein Data Bank [PDB] ID code 4ZEY) as the starting point (Fig.
1E). Despite the lack of side-chain definition at the attained reso-
lution, it was possible to dock the NRBF2MIT into density un-
ambiguously on the basis of the unequal lengths of the 3MIT helices.
Density for the catalytic domains at the tip of the right arm is

less defined than for the rest of the structure; however, the density
was clear enough to show that the VPS15 kinase is displaced
relative to its position in the yeast PI3KC3-C2 structure. In con-
trast, the VPS34 lipid kinase domain was difficult to visualize.
Extensive efforts were made to refine a 3D structural class con-
taining hints of VPS34 kinase density, yet even after winnowing
over 106 particles to a set of ∼20,000 (SI Appendix, Fig. S2), the
density for the VPS34 kinase domain was of marginal quality. This
density was visualized only when the contour level was lowered to
6 σ, as compared to the rest of the structure, which was evident at
a contour level of 10 σ. Even then, local resolution was lower in
the VPS34 kinase domain (16–24 Å) as compared to 6.7–10 Å for
the structural core. In the larger ensemble of 3D classes as shown
in SI Appendix, Fig. S2, density for the VPS34 kinase is completely
missing. We conclude that the presence of a single NRBF2 MIT
domain is insufficient for fully ordered engagement of the VPS34
kinase domain with the rest of the complex.
The NRBF2 MIT is localized near the base of the right arm, on

the back side of the complex in the standard view (Fig. 1E). The
extended contacts seen with multiple subunits are consistent with
the high affinity (40 nM) of NRBF2 for PI3KC3-C1 (17). The
MIT interacts extensively with the central part of the VPS15 he-
lical solenoid. The MIT also interacts with a helical density asso-
ciated with the N-terminal portions of BECN1 and ATG14 (Fig.
1E). On the basis of its high HDX protection (SI Appendix, Fig.
S1E), this helix was provisionally assigned as the BH3 domain of
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Schematic of NRBF2. (C) Two-dimensional cryo-EM class average of PI3KC3-C1
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BECN1. This region has not previously been visualized in any of
the PI3KC3 structures, and it therefore appears to become or-
dered only in the presence of NRBF2MIT. This helix in turn in-
teracts with the most N-terminal portions of the parallel BECN1
and ATG14 coiled coils (Fig. 1E).

Activation Requires NRBF2MIT Binding at 2 Sites. The isolated
NRBF2MIT domain, added at a 60-fold molar excess to PI3KC3-
C1, enhanced lipid kinase activity to the same degree as the full-
length dimeric NRBF2 (Fig. 2A) (17). Given that observation and
the apparent full occupancy of the MIT binding site in the cryo-
EM structure, we had expected that the BECN1-NRBF2MIT fu-
sion C1 complex would also have enhanced activity. Contrary to
expectations, the BECN1-NRBF2MIT fusion C1 complex had es-
sentially the same activity as the C1 complex in the absence of
NRBF2 (Fig. 2A). Addition of NRBF2MIT to the BECN1-NRBF2MIT

fusion C1 complex enhanced activity to a similar extent as for the
WT complex (Fig. 2A). We interpret this to mean that activation
of PI3KC3-C1 by NRBF2 requires NRBF2MIT to engage with at
least 2 distinct binding sites on PI3KC3-C1.
In order to directly test the existence of a second MIT binding

site, negative stain (NS) EM was carried out for the BECN1-
NRBF2MIT fusion C1 in the presence of a maltose binding protein
(MBP)-tagged NRBF2MIT construct. Two-dimensional class aver-
ages of NS-EM images showed that a second copy of NRBF2MIT

binds to the MIT–Fusion complex as shown by the extra density
for the MBP-tagged NRBF2MIT (Fig. 2B). This extra density is
located at the base of the complex near the first binding site,
suggesting that both N-terminal MIT domains of a single full-
length dimeric NRBF2 can occupy both sites simultaneously.
These data suggest that the second binding site is lower affinity
than the first, and that both binding sites are required for
enzymatic activation.

Cryo-EM Structure of Full-Length NRBF2 Bound to PI3KC3-C1. A cryo-
EM dataset was obtained for PI3KC3-C1 bound to full-length
NRBF2. Two-dimensional class averages showed additional or-
dered features at the base of the complex and on the right arm as
compared to the MIT fusion (Fig. 2C). Single-particle re-
construction was carried out to an overall resolution of 6.6 Å
(Fig. 3 A–E and SI Appendix, Fig. S3 and Table S1), with local
resolution ranging from 5.4 to 18 Å (Fig. 3F). The position of the
first NRBF2MIT is essentially identical to that seen in the MIT
fusion. The local resolution of the NRBF2MIT is improved, en-
abling the MIT 3-helix bundle to be placed with greater precision
(Fig. 3 C–E). The structure shows the N terminus of MIT α1, the
α2-α3 connector, and the length of α3 of NRBF2MIT with helices
α12, α14, and α16 of the VPS15 solenoid (Fig. 3E).
The VPS34 kinase domain in the NRBF2 complex is better

ordered than in the MIT fusion, the major point of difference
between the 2. The VPS34 kinase is fully visible at the same 10 σ
contour level as the rest of the structure, although less ordered as
measured by local resolution (Fig. 3F). Although most of the
kinase domain is at ∼8-Å resolution (Fig. 3F), the most distal
portions are as low as 18-Å resolution. Despite indications of
additional features and what appears to be the coiled-coil stalk
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of dimeric NRBF2 projecting away from the right arm in the 2D
class averages (Fig. 2C), it was not possible to assign the loca-
tions of these moieties definitively to the density features at the
periphery of the VPS34 kinase domain. We infer that the second
NRBF2MIT is bound to this relatively flexible region, and it is not
surprising that small domains associated with mobile portions of
a complex would not be evident.

Comparison to Inactive Conformation of PI3KC3-C2. In the yeast
crystal structure, the VPS15 kinase domain contacts the activa-
tion loop of VPS34 such that VPS15 inhibits basal VPS34 activity
(12) (Fig. 4 A–C). Binding of the first NRBF2MIT to the VPS15
solenoid alters its bend such that changes are propagated to the
N terminus of the solenoid where it meets the VPS15 kinase
domain (Fig. 4 A and B). This change pushes the N-terminal part
of the solenoid in the outward direction relative to the base of
the V. This, in turn, pushes the VPS15 kinase away from the VPS34

kinase by ∼10 Å near to solenoid and ∼20 Å at the tip (Fig. 4B).
This movement of VPS15 breaks the inhibitory contacts with the
VPS34 activation loop (Fig. 4D). This triggers the final change in
the series, a 25° pivot of VPS34 about the base of the kinase
domain such that the distal tip of the kinase domain moves 45 Å
(Fig. 4D). These changes separate the 2 domains so that the gap
between the most C-terminal ordered residue of VPS34 and the
N-terminal residue of VPS15 increases from 28 to 51 Å (Fig. 4 C
and D). This change completely liberates the VPS34 kinase ac-
tivation loop seen in the inactive structure.

Discussion
The ultimate goal of structural studies of PI3KC3 complex is to
understand how they are switched on and off in autophagy by
phosphoregulation and by binding of regulatory factors such as
Bcl-2, Ambra1, Rubicon, and NRBF2. The structure of one
PI3KC3 complex, yeast PI3KC3-C2, has been determined in an
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state, VPS34 is positioned in a precise geometry such that the activation loop of VPS34 is accessible to substrate in the membrane.
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inactive conformation (12). The kinase domain of VPS15 keeps
basal activity low by restricting the activation loop of VPS34 (12).
Our laboratory previously found that the VPS34 kinase domain
is highly dynamic (11, 27). We found that “leashing” the VPS34
kinase domain to the VPS15 kinase domain with a 12-residue
linker blocked even basal kinase activity (27). This showed that a
substantial structural change relative to the published PI3KC3-
C2 conformation was essential for any activity, yet the precise
nature of the structural change was not clear. The structural
change here involves an increase in the VPS34-C to VPS15-N
gap from 28 to 51 Å. The increase in distance on activation is
great enough that it would be prevented by a 12-amino acid
linker. The structural change observed here is thus sufficient to
account for the phenotype of the leashed construct.
NRBF2 was chosen as the model allosteric regulator of

PI3KC3 in this study because it is one of the well-established
protein activators of PI3KC3-C1. By using NRBF2 as a structural
probe, it has now been possible to visualize conformational
changes likely to be associated with multiple regulatory mecha-
nisms. The base of the complex, near the first MIT binding site,
is where a number of posttranslational and regulatory signals
converge on the autophagic-specific PI3KC3-C1 via the regula-
tory hub, the N termini of BECN1 and ATG14 (3). This is the
site that is modulated by ULK1, AMPK, and Bcl-2, among
prominent positive and negative regulators. A single ordered
helix is visualized bound to NRBF2MIT, which we provisionally
assigned as the BECN1 BH3 domain, because the BH3 domain
is the portion of BECN1 which is most protected from HDX
upon NRBF2 binding. The BH3 is also the binding site for the
PI3KC3 inhibitor Bcl-2, suggesting there could be some interplay
between regulation by Bcl-2 and NRBF2. The proximity of the
BECN1 and ATG14 N-terminal domains to NBRF2 MIT and to
the conformationally labile VPS15 solenoid suggest that other N-
terminal interactors and posttranslational modifications could
also act through the NRBF2 binding site and so communicate
with the most distant VPS34 lipid kinase domain.
Full-length NRBF2 can dimerize PI3KC3-C1, forming a dimer

of pentamers (17, 25), while full-length Atg38 does not show this
dimerizing effect with respect to yeast PI3KC3-C1 (25). We
previously hypothesized that full-length NRBF2 could tether 2
copies of PI3KC3-C1 within the cell, perhaps facilitating vesicle
tethering or membrane-binding interactions. The finding that 2
copies of NRBF2MIT are necessary for full PI3KC3-C1 activation
argues that the activating mode of binding is probably 1 NRBF2
dimer per PI3KC3-C1 complex, which is incompatible with the
C1 dimerization model. One remaining uncertainty is the loca-
tion of the binding site for the second NRBF2 MIT domain,
which we have been unable to visualize, probably due to the
mobility of the region of the PI3KC3-C1 complex involved.

NRBF2 (and yeast Atg38) are specific for PI3KC3-C1 and,
thus, specific for autophagy initiation. Our previous HDX-MS
work and the cryo-EM work shown here, however, did not show
evidence of direct contacts with the C1-unique subunit ATG14.
The position of the NRBF2 MIT overlaps with the UVRAG C2
domain in the structure (SI Appendix, Fig. S4). This suggests that
the presence of the UVRAG C2 domain is a main factor pre-
venting NRBF2 from binding to PI3KC3-C2.
PI3KC3 complex structures have now been determined with

the VPS34 catalytic domain in stable active and inactive con-
formations. The VPS34 catalytic domain is also capable of dis-
lodging from the rest of the complex and sampling a wide range
of conformations (11). We speculate that dislodging could fa-
cilitate the transition between the active and inactive confor-
mations. The activity of the dislodged state appears to be
intermediate between that of the stable inactive and active states
(Fig. 4E). As judged by the phenotype of the leashed complex
(27), the stable inactive conformation has almost no enzyme
activity. The activity of the dislodged state seems likely to reflect
that of the isolated VPS34 kinase domain, which is about ∼10%
of that of PI3KC3-C1 (27). The presence of a single NRBF2
MIT domain appears sufficient to block the stable inactive
conformation, but insufficient to drive full occupancy of the
stable active conformation. By contrast, both MIT domains to-
gether not only block the stable inactive conformation, they also
promote high occupancy of the stable active structure. In this
structure, not only are the catalytic site, the C-terminal mem-
brane binding helix, and the activation loop of VPS34 un-
restricted, but they are also presented to the membrane substrate
with an ideal geometry for PI headgroup phosphorylation.

Materials and Methods
Human PI3KC3-C1 complexes containing the NRBF2 MIT-BECN1 fusion or an
NRBF2 dimer were expressed in HEK293 cells, purified, and analyzed by cryo-
EM (28–33). The structures were compared to each other and to the pre-
viously determined crystal structure of the inactive yeast PI3KC3-C2 complex
(12). Fitting of the cryoEM maps was performed using homology models.
Samples of PI3KC3-C1 MIT-Fusion and MIT-Fusion:MBP-NRBF2MIT samples
were analyzed by negative stain EM. HDX-MS experiments were performed
on PI3KC3-C1, PI3KC3-C1 MIT-BECN1, and PI3KC3-C1:NRBF2. An average of 3
lipid kinase assays performed in duplicate and normalized to PI3KC3-C1
activity were carried out using the ADP-kinase Glo kit (Promega), with the
error bars representing the SEM and P values determined using a Tukey
comparison.
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