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Abstract: BECN1 (Beclin 1), a highly conserved eukaryotic protein, is a key regulator of autophagy,
a cellular homeostasis pathway, and also participates in vacuolar protein sorting, endocytic traf-

ficking, and apoptosis. BECN1 is important for embryonic development, the innate immune

response, tumor suppression, and protection against neurodegenerative disorders, diabetes, and
heart disease. BECN1 mediates autophagy as a core component of the class III phosphatidylinosi-

tol 3-kinase complexes. However, the exact mechanism by which it regulates the activity of these

complexes, or mediates its other diverse functions is unclear. BECN1 interacts with several diverse
protein partners, perhaps serving as a scaffold or interaction hub for autophagy. Based on exten-

sive structural, biophysical and bioinformatics analyses, BECN1 consists of an intrinsically disor-

dered region (IDR), which includes a BH3 homology domain (BH3D); a flexible helical domain (FHD);
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a coiled-coil domain (CCD); and a b-a-repeated autophagy-specific domain (BARAD). Each of these

BECN1 domains mediates multiple diverse interactions that involve concomitant conformational
changes. Thus, BECN1 conformational flexibility likely plays a key role in facilitating diverse protein

interactions. Further, BECN1 conformation and interactions are also modulated by numerous post-

translational modifications. A better structure-based understanding of the interplay between differ-
ent BECN1 conformational and binding states, and the impact of post-translational modifications

will be essential to elucidating the mechanism of its multiple biological roles.

Keywords: autophagy; BECN1/Beclin 1/ATG6/VPS30; conformational flexibility; intrinsically disor-
dered protein; interaction hub; class III phosphatidylinositol 3-kinase complexes

Statement of Importance
BECN1/Beclin 1 is a highly conserved eukaryotic

protein essential for autophagy, a cellular homeosta-

sis pathway. BECN1 is important for embryonic

development, innate immune responses, tumor sup-

pression, and protection against neurodegenerative

disorders, diabetes, and heart disease. BECN1 likely

serves as an interaction hub or scaffold that targets

proteins to specific membranes for autophagosome

formation. Here we elucidate the BECN1 domain

architecture, highlighting conformations observed in

different interaction states that enable diverse sig-

nals to modulate autophagy.

Introduction

BECN homologs are highly conserved in all eukar-

yotes. BECN1 is also called Beclin 1 (BCL2-interact-

ing coiled-coil protein) in mammals,1 BEC-1 in

worms and insects, Beclin 1 or ATG6 (autophagy-

related protein 6) in plants, and ATG6 or VPS30

(vacuolar protein sorting protein 30) in yeast. While

most organisms have a single BECN gene, a second

paralog, BECN2 or Beclin 2, has been recently iden-

tified in mammals.2

BECN1 was the first mammalian protein shown

to be involved in macroautophagy3 (hereafter called

autophagy), a cellular pathway first identified in

yeast.4 Autophagy is a catabolic homeostasis process

wherein cytoplasmic contents including damaged

organelles, long-lived or aggregated proteins, and

pathogens, are surrounded by multilayered vesicles

called autophagosomes, which fuse with lysosomes

enabling degradation of the sequestered contents.5–9

Thus, autophagy is a survival mechanism that ena-

bles cells to withstand nutrient deprivation, environ-

mental stressors, aging, and infection by recycling

intracellular debris to generate metabolic precur-

sors, such as amino acids and ATP. However, exces-

sive or uncontrolled autophagy can cause cell death,

often called autophagic cell death or autosis.10

BECN1, an essential gene required for embryon-

ic survival and normal development, plays roles in

phagocytosis and clearance of apoptotic cells during

embryonic development.11,12 Various diseases are

associated with BECN1 mutations or altered expres-

sion levels. BECN1 is an important tumor

suppressor in many cancers3,13–16 and is monoalleli-

cally deleted in 40%–75% of human breast, ovary,

and prostate cancers.13 BECN1 deficiency and mal-

function contributes to neurodegenerative disorders

including Huntington’s,17 Alzheimer’s,18 Parkinson’s,

and Lewy body19 disease. Brain injury upregulates

BECN1, suggesting increased autophagy is neuro-

protective.20 Therapeutic BECN1 overexpression

clears mutant ataxin-3 to alleviate Machado-Joseph

disease.21 Type-2 diabetes increases BECN1 activa-

tion and autophagy in human heart, promoting pro-

gressive loss of cardiac cells.22,23 Ischemia triggers

autophagy in hibernating myocardium, possibly to

clear damaged organelles and unfolded proteins to

support survival.24 However, during reperfusion

BECN1:BCL2 interaction is increased and autophagy

is attenuated, protecting the recovering myocardium

from autophagic cell death.25,26 Some viruses target

BECN1 to evade autophagic degradation, including

the human immunodeficiency virus (HIV),27 influenza

A virus,28 African swine fever virus,29 foot and mouth

disease virus30 a-herpesvirus (aHV) herpes simplex

virus type 1 (HSV-1),31 bHV human cytomegalovirus

(HCMV),32 and gHVs Kaposi’s sarcoma associated HV

(KSHV) and gHV68.33–35

Proteins that execute autophagy are conserved in

all eukaryotes and many of these conserved autoph-

agy-related effectors are called ATG proteins.6–9,36

Stages of autophagy include autophagy initiation sig-

naling, autophagosome nucleation, autophagosome

expansion, and autophagosome maturation which

involves docking and fusion with the lysosome. Multi-

protein complexes mediate each stage.6–9 BECN1 is a

core component of the class III phosphatidylinositol 3-

kinase (PI3KC3 or VPS34 in yeast) complexes required

for autophagosome nucleation and autophagosome

maturation, which also include the PI3K Ser/Thr

kinase regulatory protein (PI3KR4/p150/VPS15) and

either ATG14/BARKOR or VPS38/UVRAG (UV radia-

tion resistance associated gene).37–41

Beyond autophagy, BECN1 is implicated in sever-

al other important functions. Yeast VPS30 localizes to

vacuolar membranes and endosomes for vacuole pro-

tein sorting.37 C. elegans42 and Drosophila43 BECN1

contributes to endocytic trafficking. Caspases-3, 7 and

8, cleave BECN1 at D133 or D149 to generate
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Figure 1. Sequence alignment of BECN1 orthologs from diverse organisms. Increasing background color intensity corresponds

to increasing residue conservation with red corresponding to invariant residues. Experimentally determined secondary structure

is displayed above the alignment, with cylinders representing helices, arrows representing strands and lines representing coil,

color-coded by domains as follows: IDR (black), BH3D (cyan), FHD (orange), CCD (magenta), and BARAD (green). Solid colors

indicate natively folded stable structural elements, horizontal stripes indicate elements that may fold as part of two domains

and diagonal stripes indicate binding-induced secondary structure. Anchor regions are boxed in black. Red triangles indicate

the human NES.
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autophagy-inactive N- and C-terminal fragments. The

C-terminal fragment translocates to mitochondria,

triggering the release of pro-apoptotic factors like

cytochrome c to initiate apoptosis.44,45 BECN1 also

localizes to the nucleus where it reduces Transcription

Factor EB activation, thereby regulating transcrip-

tion of autophagosome maturation-related proteins

such as LC3 (light chain 3), LAMP1 (lysosome associ-

ated membrane protein), and RAB7 (Ras-associated

protein Rab-7a).46,47

BECN1 Domain Architecture
Human BECN1 is a 450-residue protein that shares

29%–99% identity with homologs from diverse

eukaryotes (Fig. 1). Based on several structural, bio-

physical and bioinformatics studies, including care-

ful analysis of sequence conservation, we delineate

four structurally-distinct domains/regions common

to all BECN1 homologs, with all numbering corre-

sponding to human BECN1 [Figs. (1 and 2)]: (i) an

intrinsically disordered region (IDR, residues

Figure 2. Domain architecture of BECN1 and selected interactions. Domains are as in Figure 1, with corresponding domain

structures displayed in ribbon above the schematic. Two structurally characterized interactions are displayed below the sche-

matic: (i) The BECN1 BH3D (cyan ribbon) bound to M11 (grey molecular surface) and (ii) The BECN1 CCD (magenta ribbon):

ATG14 CCD (salmon ribbon) heterodimer is shown modeled into its SAXS-derived molecular envelope. Yellow-green boxes rep-

resent interacting proteins that up-regulate autophagy while grey boxes represent interacting proteins that down-regulate

autophagy. All molecular figures were prepared using the program PyMOL.48
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1-140),49,50 (ii) a flexible helical domain (FHD, resi-

dues 141-171),51 also called coiled-coil 1 (CC1),52 (iii)

a coiled-coil domain (CCD, residues 175-265)53,54

and (iv) a b-a-repeated autophagy-specific domain

(BARAD, residues 266-450).55,56 While the sequence

within the IDR is poorly conserved, the FHD, CCD,

and BARAD are all highly conserved; therefore resi-

dues 244-337 that include the C-terminus of the

CCD and N-terminus of the BARAD were previously

called the evolutionarily conserved domain (ECD)57

(Fig. 1). However, the extensive conformational

flexibility of BECN1 has resulted in significant

ambiguity in these domain boundaries, as briefly

summarized below, and more substantially discussed

in subsequent sections.

Neither the boundaries nor the function of the IDR

are well delineated. Within the human BECN1 IDR,

residues 105–130 have been identified as a BCL2

homology 3 domain (BH3D) that is required and suffi-

cient for binding to BCL2s,34,35,58–61 but are disordered

in the absence of binding49,50 [Figs. (1 and 2)]. BECN1

residues 144–269 were initially predicted to constitute

a single CCD.62 However, biophysical and crystallo-

graphic studies have established residues 175-265 as

an independently folding CCD,53,54 while residues 141-

171 constitute an independent structural domain, the

FHD,51,52 which is partly disordered51 [Figs. (1 and 2)].

Lastly, even within the well folded CCD53,54 and

BARAD,55,56 residues 248-265 adopt mutually exclusive

conformations in different crystal structures (Fig. 3).

Thus, conformational flexibility is an over-riding

feature of BECN1 and many BECN1 regions are

now known to undergo binding-associated conforma-

tional changes. Here we will review and summarize

current information regarding BECN1 structure in

the absence of interactions, conformational transi-

tions mediated by binding of different partners,

selected structurally-uncharacterized interactions

and post-translational modifications.

Intrinsically disordered region (residues 1-140)
BECN1 contains a long IDR comprising nearly one-

third of its sequence. BECN1 residues 42–115 were

first defined as a consensus IDR, based on

bioinformatics analysis using four different pro-

grams, as residues 13–41, 116–130, and 137–145

were predicted to have secondary structure.49 How-

ever, concurrent experimental analyses using circu-

lar dichroism (CD) spectroscopy and 1H-nuclear

magnetic resonance (NMR) spectroscopy indicated

BECN1 residues 116–130 are disordered and this

disorder persists in constructs including adjacent

BECN1 domains. Thus, the BECN1 IDR extends

beyond the conservative consensus definition, to

encompass the poorly conserved residues 42–136.49

Disorder of the BECN1 IDR has now been con-

firmed by multiple structural and biophysical stud-

ies. No density corresponding to this region is visible

in either the 28 Å cryo-electron microscopy (Cryo-

EM) reconstructions63 or the 4.4 Å structure of full-

length BECN1 within PI3KC3 complexes.52 In the

latter, a four-turn helix unconnected to any polypep-

tide chain was proposed to constitute the BECN1

BH3D; however, no identifiable side-chain electron

density is visible, and other proteins within the com-

plex are also missing many residues in the same

region. Further, yeast do not encode BCL2 proteins,

and VPS30 lacks a conserved BH3D sequence motif,

raising questions about the assignment of this four-

turn helix as a BH3D.

More recently, 2D 1H-15N heteronuclear single

quantum coherence NMR showed that a BECN1 frag-

ment comprising residues 1–150 is disordered when

the four cysteines of invariant18C-x-x-C21 and 137C-x-

D/E-C140 motifs were mutated to serines.50 However,

as other studies show that residues 141-171 constitute

a distinct domain, the FHD/CC1,51,52 we define the

IDR as comprising of, at most, residues 1-140. Further,

these experiments do not preclude the possibility that

interactions of the invariant cysteines mediate local

structure, especially since residues 13–41 and 137–

145, including these cysteines, are predicted to be

structured. However, pending experimental evidence

verifying structure in these regions, we include the

entire region encompassing residues 1-140 in the cur-

rent definition of the IDR.

As is typical for IDRs,64 the BECN1 IDR lacks a

well-packed hydrophobic core, and is rich in disorder-

promoting residues, containing 51% polar and

charged residues, 6% glycine, and 6% proline. Exclud-

ing short regions around the invariant CxxC motifs,

the IDR is very poorly conserved amongst BECN1

homologs. The sequence and structural flexibility of

IDRs is thought to enable their participation in

diverse, and often multiple, interactions with high

specificity and reversibility, allowing them to regulate

functions such as protein recruitment, signaling,

transcription, and translation.65–70 Further, IDRs are

often the sites of post-translational modifications that

regulate the functions of these proteins.71

Not surprisingly, the BECN1 IDR contains sev-

eral binding motifs. These include “Anchor regions”,

Figure 3. Mutually exclusive packing of the “overlap helix”.

The overlap helix-containing BARAD (PDB 4DDP, green rib-

bon) is superimposed onto the CCD (PDB 3Q8T, magenta

ribbon). Residues of the overlap helix in each structure, as

well as the partner CCD helix, are colored in alternating pink

and green.
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i.e. sequences flanking or overlapping IDRs that are

predicted by the program ANCHOR to nucleate

binding-associated folding;72 and eukaryotic linear

motifs (ELMs), which are short, evolutionarily plas-

tic, linear sequence motifs experimentally shown to

be key for various protein–protein interactions that

were identified using the ELM server65,73 (Table I).

The BECN1 IDR contains three complete Anchor

regions, residues 13–49, 79–103, and 116–127, and a

fourth Anchor region comprising residues 137–145

that extends into the FHD (Fig. 1).

Two of the BECN1 IDR Anchor regions have

been identified as part of a-molecular recognition

features (aMoRFs), i.e. regions that undergo

disorder-to-helix transitions upon binding to

partners.74,75 The BH3D, comprising residues 105-

130 and encompassing the third Anchor region, was

the first BECN1 aMoRF identified.49 The BH3D is

disordered, even in BECN1 constructs including

adjacent structured domains, but folds into a helix

upon binding to various BCL2 homologs49,61 or in

the presence of 2,2,2-trifluoroethanol (TFE), a chem-

ical that induces helicity in aMoRFs even in the

absence of their binding partners.76 Similar method-

ology shows that residues 76–105, which include the

second Anchor region, is likely also an aMoRF.76

Flexible helical domain (residues 141–171)

Immediately following the IDR is a highly conserved

BECN1 domain, the FHD or CC1, which was

Table I. Location of Predicted ELMs and Anchor Regions in BECN1

Interacting protein/domain

BECN1 residues comprising

ELMs ELM sequence Overlapping Anchors

GSK3 3–10 GSKTSNNS –
4–11 SKTSNNST –
8–15 NNSTMQVS –

101–108 GEVSDGGT –
CK1 4–10 SKTSNNS –

7–13 SNNSTMQ –
90–96 STESANS 79-103
93–99 SANSFTL 79-103

127–133 SGQTDVD –
N-GLC 7–12 SNNSTM –

8–13 NNSTMQ –
110–115 ENLSRR –

FHA1 (Forkhead-associated domain 1) 9–15 NSTMQVS –
41–47 ELTAPLL 13–49

117–123 KVTGDLF 116–127
139–145 ECTDTLL 137–145

PIKK 19–25 QRCSQPL 13–49
54–60 PGETQEE –

PKA 19–25 QRCSQPL 13–49
35–41 DRVTIQE 13–49

14-3-3 protein 26–31 KLDTSF 13–49
PLK 27–33 LDTSFKI 13–49

40–46 QELTAPL 13–49
FHA2 (Forkhead-associated domain 2) 36–42 RVTIQEL 13–49

55–61 GETQEEE –
128–134 GQTDVDH –

TRAF2 38–41 TIQE 13–49
57–60 TQEE –
64–67 SGEE –

TRAF6 52–60 AKPGETQEE –
GlcNHglycan 63–66 NSGE –

92–95 ESAN 79–103
126–129 MSGQ –

Pin1 (phospho-specific PPIase) 69–74 FIETPR –
ProDKin 69–75 FIETPRQ –
BRCA1 78–82 VSRRF 79–103
AMBRA1 (WD40 domain) 80–82 RRF 79–103

114–116 RRL –
NDR (N-arginine dibasic convertase) 80–82 RRF 79–103

114–116 RRL –
Caspase3-7 102–106 EVSDG –
Cyclin 114–118 RRLKV –
SKI1 (Subtilisin/kexin isozyme-1) 114–118 RRLKV –
SH3 129–135 QTDVDHP –
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delineated by combined sequence and structural anal-

yses (Fig. 1). It was named the FHD (flexible helical

domain) because the X-ray crystal structure of the iso-

lated domain demonstrates that the N-terminal half

comprising residues 141–156 is disordered, while the

C-terminal half comprising residues 157–171 forms a

2.5-turn a-helix51 (Fig. 2). CD and small-angle X-ray

scattering (SAXS) confirm this disorder and show

that partial disorder persists in BECN1 fragments

that include the flanking BH3D and CCD. Further,

the FHD crystal structure and SAXS data indicate

the BECN1 FHD trimerizes in the absence of other

interactions (Fig. 2). Conformers generated by long

time-scale molecular dynamic simulations fitted to

the experimental SAXS data also suggest that the

FHD is a trimer, wherein each FHD has a helical C-

terminal part and an unstructured N-terminal region

that transiently samples helical conformations.51

The FHD has two invariant residues, Y162 and

L169; and several highly conserved residues (Fig. 1).

Importantly, these conserved FHD residues are criti-

cal for starvation-induced upregulation of autoph-

agy.51 Of these residues, Y162, L166, and L169 map

to one face of the helix, while the remaining are dis-

ordered or in coil conformation. However, if the FHD

were to become completely helical, all the conserved

residues would map to the same helical face. In the

crystal structure, the ordered conserved residues

pack about the three-fold to stabilize the FHD tri-

mer (Fig. 2).

In addition to the Anchor region comprising res-

idues 137-145 that overlaps both the IDR and FHD

(Fig. 1), the FHD contains another Anchor region

comprising residues 162-169.51 Like the BH3D and

aMoRF-containing IDR fragments from other pro-

teins, TFE induces a marked increase in FHD helic-

ity and decrease in disorder, suggesting that it is an

aMoRF that undergoes a disorder-to-helix transition

upon binding to appropriate partners.

Coiled-coil domain (residues 175–265)
The BECN1 CCD, which is well conserved amongst

homologs (Fig. 1), is sufficient for self-interaction in

cells.77,78 BECN1 homo-oligomers were detected in

mammalian cells via co-immunoprecipitation (CoIP)

and immunoblotting, even during starvation and

rapamycin-induced autophagy.78 Further, while in

vitro isothermal titration calorimetry (ITC) studies

indicate that UVRAG, which heterodimerizes via the

BECN1 CCD, disrupts the BECN1 homodimer;77

overexpression of the UVRAG CCD in cell culture

diminishes, but does not abolish homo-oligomeriza-

tion.77,78 These studies indicate that the BECN1

CCD also exists as a homodimer.

X-ray crystal structures show that the 91-

residue BECN1 CCD forms a straight, �130 Å long,

anti-parallel, left-handed coiled-coil homodimer

[Fig. 4(A)]. Each CCD helix has 13 heptad residue

repeats (a-b-c-d-e-f-g), that stabilize the homodimer

by interactions of residues at the “a” and “d” posi-

tions.53,54 The 26 interacting pairs are comprised of

thirteen unique pairs related by the homodimer two-

fold symmetry [Fig. 4(A)]. Six of these 13 unique

pairs comprise of hydrophobic residues. However,

residues with polar and/or bulky side-chains occupy

either the “a” or “d” positions of each of the remain-

ing seven pairs, resulting in non-ideal packing.

Interestingly, while many of the non-ideal or accept-

able pairings are conserved amongst BECN homo-

logs, the ideal pairings are not. The non-ideal

packing interface results in a metastable homo-

dimer, with a relatively weak Kd of 89 mM for rat

BECN153 and 48 lM for human54 BECN1. CoIP and

thermal stability experiments show that multi-site

alanine mutagenesis of hydrophobic CCD interface

residues results in a monomeric CCD, while multi-

site mutagenesis of hydrophilic CCD interface resi-

dues to leucines increases the thermal stability of

the BECN1 homodimer.53

Almost half (43%) of the residues comprising

the BECN1 CCD homodimer are charged, with a

predominance of acidic residues resulting in a highly

negatively charged surface.53,54 Around 36% of these

charged residues are conserved. Six pairs of inter-

chain polar interactions mediated by polar interface

residues, further stabilize the BECN1 homodimer.

Furthermore, some of the solvent-exposed, charged

residues cluster in triplets, forming intrachain salt

bridges that neutralize potential Coulombic repul-

sion to further stabilize the CCD structure.

b-a Repeated, autophagy-specific domain

(residues 266–450)
The 1.6 Å crystal structure of the yeast VPS30 resi-

dues 320–557 (corresponding to human BECN1 resi-

dues 266-450) reveals a novel protein fold, consisting

of three repeats of a three-stranded, anti-parallel b-

sheet followed by a a-helix (Fig. 1), with the three

repeats arranged around an approximate central 3-

fold such that the helices form a central three-helix

bundle surrounded by the b-sheets55 (Fig. 2). Large-

ly conserved, hydrophobic residues (Fig. 1) stabilize

the packing of the helices, as well as of the b-sheets

against the three-helix bundle. This novel domain is

required for autophagy but not vacuolar sorting, and

was therefore named the b-a repeated autophagy-

specific domain (BARAD).55

The BARAD fold is conserved in the crystal

structure of human BECN1; however this structure

includes residues 248–264 preceding the BARAD,

which pack against the BARAD as an additional

helix56 that we call the “overlap helix”. The overlap

helix corresponds to the C-terminal four turns of the

CCD (Fig. 1). Overlap helix residues that pack

against the BARAD56 also constitute the CCD homo-

dimer interface.53,54 Therefore, extensive steric

Mei et al. PROTEIN SCIENCE VOL 25:1767—1785 1773



clashes would prevent the overlap helix from simul-

taneously existing as part of both domains within a

single molecule (Fig. 3). Thus, the crystallized

human CCD and BARAD structures represent

mutually exclusive conformations of BECN1, with

the overlap helix able to exist as part of either

domain under different physiological conditions.

Indeed, hydrogen-deuterium exchange mass spec-

trometry (HDX-MS) experiments show that in the

yeast PI3KC3 complex, VPS30 residues

corresponding to the overlap helix undergo mem-

brane binding-induced changes, but do not directly

bind membranes.52

Liposome binding assays reveal that BARAD co-

sedimentation with liposomes requires an “aromatic

finger” comprising BARAD residues F259, F360 and

W361.56 Further, cellular assays demonstrate that

wild-type BARAD, but not a F259D 1 F360D 1 W361D

mutant, co-localizes with lipid membranes. Loss of the

aromatic finger reduces starvation-induced autophagy.

Figure 4. The BECN1 CCD dimers. (A) BECN1 CCD homodimer, (B) VPS30:VPS38 CCD heterodimer and (C) BECN1:ATG14

CCD heterodimer. The upper panel shows three dimers in ribbon with interface residues rendered in stick with atoms color-

coded by atom type: C, magenta for BECN1, wheat for ATG14, green for VPS38 and yellow for VPS30; O, red; N, blue and S,

yellow. The length of each dimer is indicated. The lower panel shows the corresponding helical wheel of the dimers.
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Thus, autophagy induction requires membrane bind-

ing by the BARAD aromatic finger. The aromatic fin-

ger is only partially conserved: the first aromatic

residue is conserved amongst all homologs, while the

second and third residues are not conserved in worm

or yeast (Fig. 1). However, in yeast VPS30, basic resi-

dues that may also promote interactions with acidic

lipid head-groups occupy equivalent positions. Nota-

bly, a yeast VPS30 region found by HDX-MS to inter-

act directly with lipid membranes52 includes residues

analogous to the aromatic finger.

Structurally-Characterized BECN1 Interactions

BCL2 binding to the BECN1 BH3D
BECN1 was initially discovered as a BCL2-

interacting protein,1 with binding of the anti-

apoptotic BCL2 to BECN1 downregulating autoph-

agy.33–35 BECN1 residues 88–150 were named the

BCL2-binding domain (BCL2BD), as this region was

sufficient for binding BCL2 and BCL2L1 (BCL-XL),

and its deletion weakened BECN1 interaction with

BCL2 in mammalian cells.1 Sequence analysis and

structural studies demonstrated that the BECN1

BCL2BD contains a BH3D, comprising residues 105-

130.34,35,58–60 A minimal BH3D consists of a four-

turn, amphipatic a-helix bearing the sequence motif:

Hy-X-X-X-Hy-K/R-X-X-Sm-D/E-X-Hy (where Hy:

hydrophobic residues; Sm: small residues, typically

glycine).61 The BH3D is conserved amongst pro-

apoptotic proteins and enables binding of anti-

apoptotic BCL2 proteins.61 The BH3D is also con-

served among BECN1 homologs from humans to

Drosophila, organisms that encode anti-apoptotic

BCL2 proteins; but not in yeast ATG6/VPS30 (Fig.

1), presumably because yeast do not encode BCL2

proteins.

Diverse BCL2 homologs bind the isolated

BECN1 BH3D with moderate affinity.34,35,49,59

Mutagenesis studies in combination with diverse

binding assays show that the BH3D is both neces-

sary and sufficient for BECN1 interaction with anti-

apoptotic BCL2 proteins. Structures of the BECN1

BH3D bound to human BCL2L159,60 or the gHV68

BCL2 homolog, M11 (Fig. 2),34,35 show that, like

BH3Ds from pro-apoptotic proteins, the BECN1

BH3D binds as a helix to a hydrophobic groove on

the surface of the BCL2 proteins (Fig. 2). In each

structure, the hydrophobic interaction interface bur-

ies conserved BECN1 BH3D hydrophobic residues:

L112, L116, and F123. The BECN1 G120-D121 pair,

which is highly conserved in all BH3Ds, interacts

with a Gly-Arg pair (G86-R87 of M11 and G138-

R139 of BCL2L1) that is highly conserved in anti-

apoptotic BCL2 homologs. While G120 packs tightly

against the BCL2 glycine; D121 forms a bidentate

salt bridge with the BCL2 arginine. Thus, anti-

apoptotic BCL2 proteins bind the BECN1 BH3D in a

manner similar to the other BH3Ds.

It has now been conclusively shown that the

BECN1 BH3D is part of a larger IDR.49,50 Notably,

residues toward the BH3D C-terminus (residues

116-123) comprise an Anchor region.49,76 Mutation of

these Anchor region residues abolishes BCL2 bind-

ing and abrogates binding-induced helical transition

within the BH3D.49 Thus, the BECN1 BH3D is an

aMoRF that undergoes a binding-dependent confor-

mational transition to down-regulate BECN1-medi-

ated autophagy. Conversely, conserved residues

lining the hydrophobic groove of BCL2 proteins are

critical for BECN1 binding.35

Despite the overall similarity in the mode of

binding of different BCL2 homologs to BECN1, there

are significant differences. Variations in residues lin-

ing the hydrophobic groove of each BCL2 protein

dictate a differential binding affinity for BECN1.

Thus, the BECN1 BH3D binds to M11 with 1.1 lM

affinity, and to human and KSHV BCL2 with

weaker affinities of 8.0 lM and 13.3 lM, respective-

ly.35 Further, adjacent BECN1 regions differentially

impact binding to diverse BCL2s,34,35 although this

has not yet been fully investigated. Two mechanisms

regulate BCL2-mediated inhibition of BECN1-

dependent autophagy: competitive binding of other

BH3D-containing proteins79 and modulation of

BECN1:BCL2 interaction by phosphorylation of

either partner.80–83

The mechanism by which BCL2 proteins bind

the BECN1 BH3D is well established; however, the

mechanism by which this interaction downregulates

BECN1-mediated autophagy is not. BCL2 overex-

pression diminishes BECN1 CoIP with VPS34.33

Further, in the presence of BCL2L1 or KSHV BCL2,

BECN1 binds UVRAG with 4-fold lower affinity.77

ITC experiments indicate BCL2L1 and KSHV BCL2

bind the BECN1 homodimer.77 Therefore, BCL2

binding may stabilize the BECN1 homodimer and

disrupt interactions between BECN1 and other com-

ponents of the autophagy nucleation complex.

BECN1 in PI3KC3 complexes
BECN1 is a core component of PI3KC3/VPS34 com-

plexes involved in autophagy and vesicle traffick-

ing.37,62 BECN1 associates with either ATG14/

BARKOR or UVRAG/VPS38 to form two mutually

exclusive PI3KC3 complexes: (i) Complex I comprising

BECN1:ATG14:PI3KC3:p150 or (ii) Complex II com-

prising BECN1:UVRAG:PI3KC3:p150.38,40,41 While

p150/PI3KR4/VPS15 is an obligate partner of PIK3C3,

association of the other proteins up-regulates PI3KC3

activity to convert phosphatidylinositol (PI) to phos-

phatidylinositol 3-phosphate (PI3P), an essential sig-

nal for autophagosome formation.84–86 Complex I

nucleates autophagosomes while Complex II mediates

autophagosome maturation.37,38,40,41,87
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PI3KC3/VPS34 contains a N-terminal C2 domain,

a central helical domain, and C-terminal lipid kinase

domain.88,89 VPS34 forms a heterodimer with N-

terminally myristoylated VPS1537,90 (p150 in

humans), a protein Ser/Thr kinase, which consists of a

N-terminal kinase domain, a central HEAT (Hunting-

ton, elongation factor 3 protein phosphatase 2A, yeast

kinase TOR1) domain, and a C-terminal WD40

domain.88 The VPS34 C-terminal lipid kinase domain

interacts with the VPS15 N-terminal kinase domain

(Fig. 5).52

Human ATG14 is a 492-residue protein com-

prised of a N-terminal cysteine-rich repeat region

required for targeting ATG14 to the endoplasmic

reticulum,91 a CCD comprising at least residues 88-

178, and a C-terminal BATS (Barkor/Atg14 autopha-

gosome targeting sequence) functional domain

responsible for sensing and preferentially binding

highly curved, PI3P-rich membranes.92 ATG14 resi-

dues 88-178 are sufficient for binding the BECN1

CCD.53,54 Human UVRAG, a 699-residue protein,

consists of a proline-rich (PR) sequence, a C2

domain, a CCD and a C-terminal domain.62 Based

on the recent structure of yeast VPS38 within

Complex II,52 the UVRAG CCD comprises residues

230-321.

Figure 5. BECN1 interactions in the PI3KC3 complex II. All proteins are shown in ribbon, colored as: VPS30, yellow; VPS38,

green; VPS15, grey, and VPS34, blue. Protein domains implicated in membrane interaction, the BECN1 BARAD, UVRAG

BARA2 and PI3KC3 catalytic domain are labeled. Boxes indicate regions that were enlarged and rotated to demonstrate inter-

actions. Interacting side chains, mutated to the VPS30 sequence from the 4.4 Å poly-alanine structure, are displayed as sticks.
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Self-association of the BECN1 CCD is 11-27-fold

weaker than heterodimerization with human or rat

ATG14 respectively, and 370-fold weaker than heter-

odimerization with rat UVRAG.53,54,77 This likely

facilitates homodimer dissociation and formation of

BECN1:ATG14 or BECN1:UVRAG heterodimers

upon induction of autophagy. Heterodimerization

increases cellular stability of each protein.54

The 28 Å Cryo-EM reconstructions of Complex I

and II reveal nearly identical overall V-shaped enve-

lopes.63 PI3KC3 and VPS15 comprise one arm of

each V-envelope, while the other arm is comprised of

BECN1 and either ATG14 or UVRAG. MBP-tag

mapping of the Cryo-EM reconstructions reveals

that the BECN1 BARAD is located at the tip of one

arm of the V, with BECN1 in a parallel arrangement

with either ATG14 or UVRAG, extending to the N-

termini of each protein located at the base of the V.

Further, the VPS15 HEAT domain is positioned to

interact with N-terminal regions of BECN1 and

ATG14 or UVRAG, at the base of the V-envelope,

while the VPS15 WD40 domain is positioned to

interact with C-terminal regions of BECN1 and

ATG14 or UVRAG.

A recent 4.4 Å crystal structure of PI3KC3 Com-

plex II52 confirms this overall architecture and also

shows that, as expected, the BECN1/VPS30:UVRAG/

VPS38 CCD heterodimer of each protein constitutes

the largest component of the VPS30:VPS38 binding

interface. VPS30 equivalents of BECN1 homodimer

residues were modeled to contribute to the interface

with VPS38. However, this heterodimer is more

poorly packed than the BECN1 CCD homodimer as

VPS30 CCD hydrophobic residues mostly pair with

polar and charged VPS38 residues, while two hydro-

phobic VPS38 residues, L238 and L252, interact

with charged VPS30 residues, D258 and K272,

respectively [Figs. 4(B), 5, lower inset]. Lastly, the

hydrophobic VPS38 V286 interacts with the bulky

VPS30 F207.

Unexpectedly, this structure reveals that the C-

terminal VPS38 domain has a fold similar to the

VPS30 BARAD (Fig. 5), albeit with two, rather than

three, repeats of the three-stranded, anti-parallel b-

sheet and helix unit.52 Therefore, this domain was

named the VPS38 BARA2 domain. Further, the

VPS30:VPS38 interaction extends beyond the CCD,

including the FHD/CC1 toward the N-terminus, and

the BARAD at the C-terminus (Fig. 5). The BARAD

interactions involve the first a-helix and second b-

sheet of the VPS30 BARAD and the second a-helix of

the VPS38 BARA2. The VPS30 FHD/CC1 forms a

coiled-coil with a VPS38 helix (hence these helices

were named CC1 in both VPS30 and VPS38),52 verify-

ing that the BECN1/VPS30 FHD is an aMoRF.51

Strikingly however, conserved VPS30 FHD/CC1 resi-

dues are mostly solvent-exposed and uninvolved in

binding VPS38.52 This may either reflect inaccurate

sequence assignment due to the low-resolution of the

structure; or indicate that these residues bind other

autophagy regulators such as AMBRA1 (Autophagy/

BECN1 regulator 1), which binds to a region that

includes the FHD.

Within the yeast PI3KC3 Complex II, the

VPS30 FHD/CC1 also interacts with the VPS15

WD40 domain and the CBR1 loop of the VPS34 C2

domain (Fig. 5).52 Unexpectedly, the PI3KC3 C2

domain does not interact with membranes, rather it

is responsible for nucleating the complex by binding

VPS15 and the BECN1:UVRAG CCD. Further,

although the BECN1/VPS30 ECD (comprising parts

of the CCD and BARAD) was previously shown to be

required for PI3KC3/VPS34 interaction with

VPS30,57 it does not directly interact with VPS34 in

this crystal structure.52 Rather, the N-terminal

region of the VPS30 overlap helix, which lies within

the ECD, interacts with the VPS15 WD40 domain,

which in turn interacts with VPS34 (Fig. 5). Mem-

brane phosphorylation requires both PI3KC3 cata-

lytic activity and the membrane binding function of

the BECN1 BARAD aromatic finger; domains locat-

ed at the tips of each arm of the V-shaped complex

[Figs. (5 and 6)]. Therefore, complex formation may

serve to position/anchor the PI3KC3 catalytic

domain onto autophagosomal membranes for phos-

phorylation and serve as a scaffold for recruiting

other proteins that modulate PI3KC3 activity.

SAXS studies of the BECN1:ATG14 CCD hetero-

dimer show that it has an extended but curved enve-

lope with a radius of 15 nm54 [Figs. (2 and 4(C))]. In

comparison, the BECN1 homodimer is straight [Fig.

4(A)]; while in the PI3KC3 complex II X-ray struc-

ture, the VPS30:VPS38 CCD heterodimer has a

shallower radius of curvature of 17 nm [Fig. 4(B)].

Figure 6. Displacement of the BECN1 BARAD domain

because of the curved BECN1:ATG14 quaternary structure.

All proteins are shown in ribbon, colored as in Figures 4 and

5. Arrows indicate altered positions of equivalent residues.
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Further, CD spectroscopy and SAXS indicate the

BECN1:ATG14 CCD heterodimer is less structured

than the BECN1 CCD homodimer.

A computational model, based on optimized

interactions of the ATG14 and BECN1 CCDs, that

also fits well to experimental SAXS data (Fig. 2),

indicates that BECN1 CCD residues mediating

homodimerization are also responsible for heterodi-

merization [Fig. 4(A,C)].54 The BECN1:ATG14 heter-

odimer model has a total buried surface area (BSA)

of 4449 Å2, slightly less than the BECN1 homodimer

which has a total BSA of 4849 Å2. In contrast, the

VPS30 CCD and VPS38 CCD are shifted relative to

each other within the PI3KC3 complex II,52 result-

ing in a total BSA of 3319 Å2, which is less than

either the BECN1:ATG14 CCD heterodimer or

BECN1 CCD homodimer. While VPS38/UVRAG con-

tributes mostly polar and charged residues to the

VPS30:VPS38 CCD interface, approximately half the

residues contributed by ATG14 to the BEC-

N1:ATG14 interface are hydrophobic (Fig. 4).

BECN1:ATG14 heterodimer association is 10-

folder tighter than BECN1 homodimerization, how-

ever only ten of 25 BECN1:ATG14 interface pairs

are hydrophobic [Fig. 4(C)].54 Strikingly, many of

the polar residues that form non-ideal pairs in the

BECN1 CCD homodimer, pair either with polar resi-

dues in the BECN1:ATG14 CCD heterodimer model,

or are stabilized by additional hydrogen bonds or

charged interactions with residues adjacent to their

partner (Fig. 4). Many of these interface pairs are

conserved amongst diverse eukaryotes. Thus, ATG14

and BECN1 CCD heterodimerization involves con-

served, hydrophobic pairs, as well as conserved,

polar ATG14 residues paired with conserved, polar

BECN1 residues. ITC, CoIPs and cellular autophagy

assays indicate that BECN1 and ATG14 interface

residues identified from this model are required for

BECN1:ATG14 heterodimerization and starvation-

induced autophagy.53,54

The enhanced curvature of the BECN1:ATG14

CCD may position the BECN1 BARAD up to 14 Å

away from the corresponding VPS30 BARAD posi-

tion in the PI3KC3 complex II (Fig. 6), placing lipid-

binding domains of Complex I closer to each other

than in Complex II, thereby modulating the associa-

tion of these complexes with membranes of different

curvature. Thus, differential incorporation of ATG14

or UVRAG may target PI3KC3 to different mem-

branes based on membrane curvature and lipid

composition.

Structurally Uncharacterized BECN1
Interactions

BECN1 appears to be a major interaction hub for

autophagy, as it is implicated in binding over 25 oth-

er proteins,45,49,93–95 primarily based on CoIP and

cellular pull-down assays. Many of these

interactions modulate cellular autophagy levels;

however, some may also mediate BECN1 functions

beyond autophagy. BECN1 domains that are respon-

sible for specific interaction have been delineated for

some of these interactions.

BECN1 IDR residues 88-123 are required for bind-

ing VMP1 (Vacuole membrane protein 1), which results

in dissociation of BCL2 and starvation-induced up-reg-

ulation of autophagy.96–100 The BECN1 FHD is

required for binding AMBRA1, a highly disordered

1300-residue protein.101,102 AMBRA1 binding pro-

motes BECN1 phosphorylation, PI3KC3 Complex I for-

mation, and autophagy nucleation.103–106

Several proteins interact with the BECN1 FHD-

CCD. TAB2 and TAB3 (TAK1-binding proteins 2 and

3) bind this region and inhibit autophagy,107,108 pro-

viding a node of crosstalk between autophagy and

TAK1-IKK (TAK1 protein kinase-IjB kinase) signal-

ing. Similarly, binding of the BECN1 FHD-CCD to

the pro-apoptotic, BH3-only protein Bim, results in

mislocalization of BECN1 and autophagy suppres-

sion.109–111 Interestingly, the BECN1:BCL2L1 inter-

action is unaffected by BECN1:Bim binding, since

the BECN1 BH3D binds BCL2/BCL2L1, while the

BECN1 FHD-CCD binds Bim. Lastly, SLAMF1 (sig-

naling lymphocyte-activation molecule family1), a

microbial sensor that regulates bacterial phagocyto-

sis, binds the BECN1 BH3D-FHD-CCD region with-

in the PI3KC2 Complex II, resulting in VPS34

activation to produce PI3P, to regulate phagosomo-

mal/endosomal membrane fusion.112

The BECN1 CCD also binds the nPIST (neuronal

isoform of protein-interaction, specifically with TC10)

CCD to enable binding of the d2 glutamate receptor

and activate autophagy in lurcher Purkinje cells.113

WASH (Wiskott-Aldrich syndrome protein and SCAR

homolog) also binds the BECN1 CCD, abolishing

BECN1 K437 ubiquitination, inactivating PI3KC3

and suppressing starvation-induced autophagy; while

being essential for endosome sorting.114,115 The

WASH:BECN1 interaction likely prevents excess

autophagy during early embryonic development. The

BECN1 CCD also serves as a interaction platform in

the context of the BECN1:ATG14 heterodimer to

recruit downstream autophagy effectors such as the

ATG12-ATG5-ATG16 and LC3 complexes necessary

for autophagosome elongation.116

The BECN1 CCD N-terminal residues 180-190

constitute a leucine-rich nuclear export signal (NES)

(Fig. 1) that binds the chromosomal maintenance

protein 1 (CRM1) to enable nuclear export of

BECN1.117 The NES L184 and L187 are essential

for BECN1 nuclear export and for BECN1-mediated

autophagy and tumor suppression. In the BECN1

CCD homodimer, the C-terminal overlap helix of one

helix packs against the N-terminus of the partner

helix, which contains the BECN1 NES (Fig. 2). L184

and L187, which are required for NES function,117

1778 PROTEINSCIENCE.ORG BECN1 Structure and Mechanism



participate in coiled-coil pairings with residues with-

in the overlap helix in the CCD homodimer [Fig.

4(A)]. Therefore, in order to bind CRM1, the BECN1

NES cannot be packed against the BECN1 overlap

helix. In conditions where the NES is exposed to

allow nuclear export, the overlap helix would be free

to pack as part of the BARAD, as seen in one of the

BARAD crystal structures.

Lastly, virus-encoded proteins also target the

BECN1 CCD. The bHV HCMV encodes two proteins,

the tegument protein TRS1 (terminal repeat

sequence 1) and IRS1 (internal repeat sequence 1),

which share a common N-terminal domain that

binds the BECN1 FHD-CCD to control autophagy to

modulate viral replication and infection.118,119

Several proteins target the BARAD to regulate

autophagy. BARAD residues 267-284 are essential for

autophagy, and also necessary and sufficient for in vivo

interaction with autophagy inhibitors such as the

endogenous GAPR1 (Golgi-associated plant

pathogenesis-related protein 1), and the HIV-encoded

Nef.120 HSV-1-encoded ICP34.5 also inhibits BECN1-

mediated autophagy.31 Loss of BECN1 residues 237-

450 abrogates the in vivo interaction with ICP34.5;

therefore, the BECN1 BARAD, CCD, or some combina-

tion of both, likely mediate this interaction.

Post-Translational Modifications (PTMs) of

BECN1
PTMs play important roles in regulating BECN1

interactions and function. PTMs of BECN1 and its

interaction partners include phosphorylation to reg-

ulate catalytic activity and protein-protein interac-

tions, ubiquitination to control signal degradation,

and acetylation to impact gene expression and

metabolism.

Phosphorylation
Phosphorylation is the most common BECN1 PTM.

The poorly conserved BECN1 IDR contains several

phosphorylation sites required for starvation-

induced activation of PI3KC3. BECN1 IDR phos-

phorylation affects binding and may result in confor-

mational changes that impact autophagy or other

cellular functions.

In C. elegans, BECN1 S14 (S15 in human) is

phosphorylated by the Ser/Thr-protein kinase ULK1

involved in autophagy initiation. This phosphoryla-

tion is crucial for VPS34 activation during amino

acid starvation-induced autophagy.104 Upon starva-

tion, AMBRA1 also promotes association of AMPK

(AMP-activated protein kinase) and ULK1 to facili-

tate phosphorylation of AMPK at T172, and ULK1

at S317; which can then phosphorylate BECN1 at

S14/S15, increasing PI3KC3 Complex I formation,

PI3KC3 activation and autophagy.103,104 ATG14 and

UVRAG also stimulate this phosphorylation by pro-

moting BECN1 association with ULK1.104 This

phosphorylation site is conserved from human to

worm BECN1, highlighting its importance in

PI3KC3 activation and autophagy induction.

Starvation-induced autophagy and tumor sup-

pression in MCF7 cells requires phosphorylation of

BECN1 S90 by the MAPK p38.121 BCL2 binding to

the BECN1 BH3D prevents MAPK-mediated phos-

phorylation at S90, likely because steric conflicts

prevent MAPK binding.

AMPK phosphorylates BECN1 at S93/S96 to

enable BECN1 interaction with PI3KC3 and forma-

tion of pro-autophagic PI3KC3 complexes.122 Phos-

phorylation at these two sites, as well as at S15, is

dependent on heterodimerization with either ATG14

or UVRAG. Drug-induced BECN1 phosphorylation

at S93/S96 by AMPK causes AMPK:BECN1:caspase

8 complex formation, resulting in caspase-8 cleavage

of BECN1 to down-regulate autophagy and up-

regulate apoptosis.123 Therefore, S93/S96 phosphory-

lation also cross-regulates autophagy and apoptosis.

MST1 phosphorylates BECN1 BH3D T108,

enhancing BECN1 and BCL2/BCL2L1 interaction,

which stabilizes the BECN1 homodimer and signifi-

cantly impairs BECN1:ATG14 and BECN1:VPS34

interaction.82 In contrast, starvation-dependent

phosphorylation of T119 in the BECN1 BH3D

Anchor region by ROCK1 or DAPK promotes

BECN1:BCL2 complex dissociation, while ROCK1

inhibition increases BECN1:BCL2 interaction, down-

regulating starvation-induced autophagy.83

Within the BECN1 CCD, S234 and S295 are

phosphorylated by AKT, enhancing BECN1 interac-

tion with 14-3-3 and intermediate filament proteins,

whose depletion increases autophagy.124 Since inter-

mediate filament proteins are markers of tumor ini-

tiation and progression, their interaction with 14-3-3

and BECN1 emphasizes the important regulatory

role of autophagy in tumorigenesis inhibition.125 Cel-

lular assays demonstrate that the EGFR tyrosine

kinase binds and phosphorylates BECN1 at the

CCD Y229, Y233 and BARAD Y352 to promote

homodimer formation, while diminishing CoIP with

PI3KC3, presumably due to decreased interaction

with the VPS15 WD40 within PI3KC3 complexes.121

This inactivates the PI3KC3 kinase and suppresses

autophagy.

Lastly, BECN1 phosphorylation also relates to

other PTMs. BECN1 acetylation at K430 and K437

by p300 requires BARAD S409 phosphorylation by

casein kinase 1.126 BECN1 phosphorylation at Y352

is important for NEDD4 binding, which ubiquiti-

nates BECN1.127,128

Acetylation

Acetylation involves the attachment of an acetyl

group, normally at the N-terminus of a protein.

BECN1 is acetylated by p300, a lysine acetyltransfer-

ase, at K430 and K437 and is deacetylated by SIRT1

Mei et al. PROTEIN SCIENCE VOL 25:1767—1785 1779



(sirtuin 1).126 K430 and K437 acetylation promotes

the recruitment of RUBICON to the UVRAG:BECN1

complex to inhibit autophagosome maturation and

endocytic trafficking.

Ubiquitination

BECN1 undergoes K11-, K63- and K48-linked ubiq-

uitination. K63-linked ubiquitination of BECN1

BH3D K117 by TRAF6 E3 ligase promotes binding

to the PI3KC3 complex rather than to BCL2 pro-

teins, to induce autophagy; and is crucial for TLR4-

triggered autophagy in macrophages.129 Similarly,

K63-linked ubiquitination of BARAD K437 by the

AMBRA1-DDB1-Cul4-Rbx1 E3 ligase augments

PI3KC3 activity to induce autophagy.115 NEDD4

ubiquitinates BECN1 with K11-linked polyubiquitin

chains to increase proteasomal degradation of

BECN1.128 This degradation is greatly enhanced

upon PI3KC3 knock-down in cells, suggesting that

association within the PI3KC3 complex protects

BECN1 from degradation.128 BECN1 is the first

tumor suppressor shown to be regulated by K11-

linked polyubiquitination, although the BECN1

ubiquitination site is unidentified. Besides binding

BECN1 within the PI3KC3 complex, AMBRA1 also

triggers polyubiquitination and BECN1 stabilization

during autophagy.115

Targeting BECN1-Mediated Autophagy
Understanding the structural details of BECN1 and

various BECN1-mediated interactions is critical not

only for understanding the mechanism of its various

biological functions, but also for rational design of

therapeutics targeting BECN1-mediated autophagy.

A BH3D mimetic ABT737, competitively dis-

rupts the interaction between BECN1 and BCL2L1

or BCL2, releasing BECN1 from BCL2 protein

down-regulation, thereby stimulating autophagy.79

Further, BH3D mimics can be designed to differen-

tially bind and selectively inhibit BCL2 proteins for

therapeutic purposes. Detailed structural and bio-

physical information regarding binding of the

BECN1 BH3D to human BCL2 proteins and the

gHV68 BCL2, M11, showed that mutation of a con-

served BH3D GD pair, that typically stabilizes

BH3D:BCL2 interactions, to a EA pair, abrogates

binding to BCL2L1 or BCL2, but not to M11.49,130

This enabled development of a cell-permeable pep-

tide inhibitor that exploits the more promiscuous

binding of M11, relative to human BCL2 proteins, to

selectively inhibit M11-mediated down-regulation of

autophagy, without impacting cellular BCL2-

mediated down-regulation of autophagy.130

Another cell-permeable peptide, Tat-beclin 1

was derived from residues 267-284 of the BECN1

BARAD based upon CoIP and autophagy assays that

demonstrate this region is crucial for binding to

HIV-encoded Nef, as well as for rescue of starvation-

induced autophagy. Tat-beclin 1 treatment improves

clearance of protein aggregates in mammalian cell

culture, stimulates autophagy in mammalian cells

and transgenic mice, and improves survival of Chi-

kungunya and West Nile virus-infected mice.120

Thus, a better understanding of the structural basis

and mechanism of the many BECN1 interactions

should permit the design of additional therapeutics

to specifically modulate various stages of autophagy

as well as other BECN1 functions.

Conclusion
Over the last decade, much has been learnt about

BECN1 structure, conformational flexibility and

interactions; however, numerous unanswered ques-

tions remain. BECN1 has now been trapped in

diverse, mutually exclusive structural states.

BECN1 homotrimers and homodimers, caused by

oligomerization of the FHD and CCD respectively,

cannot exist in the context of PI3KC3 complexes

that mediate autophagy. However, BECN1 homoo-

ligomers exist in cells, even upon induction of

autophagy. What then, is the biological function of

these homooligomers? Does BECN1 simultaneously

homodimerize and homotrimerize to form higher

order oligomers?

The conformationally dynamic “overlap helix”

within the CCD can exist as part of the CCD, such

as within the PI3KC3 complexes, as well in a confor-

mation where it packs against the BARAD. Howev-

er, it is unclear what interactions or biological states

involve the latter conformation, and how different

overlap helix conformations influence BECN1 homo-

oligomerization. The interactions and conformational

states that expose the BECN1 NES located at the

CCD N-terminus to enable nuclear export have also

not yet been explored.

The mechanism by which BCL2 homologs bind

BECN1 is well established, however the mechanisms

by which this interaction down-regulates autophagy

and/or stabilizes the homodimer state of BECN1

remains unknown. Despite the substantial informa-

tion provided by structural studies of the PI3KC3

complexes, it remains unclear precisely how complex

formation modulates PI3KC3 activity. Notably,

mutation of many of the highly conserved BECN1

residues that mediate interactions within the com-

plex, abrogates starvation-induced, rather than bas-

al, autophagy.51,54,130 While membrane binding

influences the structure of BECN1 and perhaps of

other Complex I and II proteins, the precise confor-

mational transitions have not been mapped. We are

only now beginning to understand the differences in

the structures and interactions of Complex I and II;

elucidation of the mechanism by which each complex

mediates different stages of autophagy will require

much more research.
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The mechanism by which diverse BECN1 inter-

actions compete with, or complement each other, to

modulate different BECN1 functions is largely

unknown. The BECN1 IDR likely mediates many

uncharacterized interactions, but as these have not

yet been studied in detail, the effect of these diverse

interactions on the conformation of the IDR and/or

other BECN1 domains, and the mechanism by which

these modulate BECN1 function is not understood.

Similarly, autophagy suppression by diverse viral

proteins is poorly understood. Further, the modula-

tion of diverse BECN1 interactions, conformational

states, and functions by various PTMs adds another

layer of complexity to elucidating a complete

structure-based mechanism of BECN1 function.

Clearly, much additional research is needed to devel-

op a comprehensive structure-based understanding

of the interplay between different BECN1 conforma-

tional and binding states, and the impact of post-

translational modifications to elucidate the mecha-

nism of its diverse biological roles. Ultimately, such

an understanding would enable the selective target-

ing of diverse BECN1 functions/interactions for ther-

apeutic benefit.
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