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Abstract

Autophagy, an essential eukaryotic homeostasis pathway, enables sequestration of unwanted,
damaged or harmful cytoplasmic components in vesicles called autophagosomes, enabling
subsequent lysosomal degradation and nutrient recycling. Autophagosome nucleation is mediated
by Class Il phosphatidylinositol 3-kinase complexes that include two key autophagy proteins,
BECNZ1/Beclin 1 and ATG14/BARKOR, which form parallel heterodimers via their coiled-coil
domains (CCDs). Here we present the 1.46 A X-ray crystal structure of the anti-parallel, human
BECN1 CCD homodimer, which represents BECN1 oligomerization outside the autophagosome
nucleation complex. We use circular dichroism and small-angle X-ray scattering (SAXS) to show
that the ATG14 CCD is significantly disordered, but becomes more helical in the BECN1:ATG14
heterodimer, although it is less well-folded than the BECN1 CCD homodimer. SAXS also
indicates that the BECN1:ATG14 heterodimer is more curved than other BECN1-containing CCD
dimers, which has important implications for the structure of the autophagosome nucleation
complex. A model of the BECN1:ATG14 CCD heterodimer that agrees well with the SAXS data
shows that BECN1 residues at the homodimer interface are also responsible for homodimerization,
enabling us to identify ATG14 interface residues. Lastly, we verify the role of BECN1 and ATG14
interface residues in binding by assessing the impact of point mutations of these residues on
coimmunoprecipitation of the partner, and demonstrate that these mutations abrogate starvation-
induced up-regulation of autophagy, but do not impact basal autophagy. Thus, this research
provides insights into structures of the BECN1 CCD homodimer and the BECN1:ATG14 CCD
heterodimer, and identifies interface residues important for BECN1:ATG14 heterodimerization
and for autophagy.
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Autophagy, a catabolic cellular process conserved in all eukaryotes, plays an important role
in cell proliferation, differentiation, survival and homeostasis (1-4). In cellular stress
conditions such as nutrient deprivation, hypoxia, accumulation of protein aggregates and
infection, double-layered membrane vesicles called autophagosomes engulf long-lived
proteins, damaged organelles and pathogens (1, 5-8). The autophagosomes fuse with
lysosomes to degrade and recycle the enclosed contents (1-4). Aberrant autophagy is
implicated in numerous diseases (9-12).

BECNL, also called Beclin 1, was first identified as a BCL2 interacting protein (13). BECN1
is essential for autophagy (14). It is a core component of two mutually exclusive, quaternary
class 111 phosphatidylinositol-3-kinase (PI3KC3) complexes, Complex | and Complex II,
each of which comprises of PI3KC3, P150 (a ser/thr kinase that regulates PI3KC3), BECN1,
and either ATG14 or UVRAG respectively, to mediate autophagosome nucleation and
maturation, respectively (15-19). Several studies have demonstrated that ATG14 binding to
BECNL is important for autophagy (15-20). ATG14 competes with UVRAG to bind to
BECNZ1, thereby dictating the function of the PI3KC3 complex (15-19). Neither BECN1 nor
ATG14 have any catalytic activity, but the association of BECN1:ATG14, or
BECN1:UVRAG, with the PI3KC3:P150 binary complex increases PI3KC3 catalytic
activity, resulting in increased production of phosphatidylinositol-3-phopshate (PI3P) (21), a
critical signal for recruitment of other autophagy proteins to the developing autophagosome
and for up-regulation of autophagy.
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BECNL1, a 450-residue protein in humans, is highly conserved in all eukaryotes. Based on
multiple structural and biophysical studies, BECNL1 is a conformationally-labile protein that
consists of four distinct structural domains: (i) a large, poorly-conserved, N-terminal
intrinsically disordered region (IDR) that has multiple sub-domains that likely bind different
partners and undergo binding-associated conformational changes (22), including a BCL2
Homology 3 Domain comprising residues 105-130 (23-26), which undergoes a dramatic
disorder-to-helix conformational change upon binding to BCL2 proteins (27); (ii) a Flexible
Helical Domain comprising residues 141-171, which is disordered at its N-terminus and
helical at its C-terminus, but becomes fully a-helical upon binding to appropriate partners
(28, 29); (iii) a Coiled-Coil Domain (CCD), comprising residues 175-265 that form an anti-
parallel homodimer in the absence of other interactions (30); and (iv) a p-a repeat
autophagy domain (BARAD), comprising residues 266—450 (31, 32), that is implicated in
membrane association (20, 31). The BECN1 CCD enables association with many other
CCD-containing proteins, including the autophagy proteins ATG14 and UVRAG.

To date, detailed structural information on ATG14 has not been obtained. The predicted
ATG14 domain architecture consists of (i) an N-terminal region which includes a conserved
cysteine-rich domain encompassing residues 43-58 (16) that is required for
homoligomerization and ER localization (21); (ii) a CCD region encompassing residues 71—
180 that is variously predicted to contain either two or three CCDs (15, 16, 18, 33); and (iii)
a functionally-defined domain called the BARKOR/ATG14 autophagosome-targeting
sequence (BATS) domain, comprising residues 412-492 (21, 33), that includes an IDR
comprising residues 442—-472 (27), and a C-terminal, amphipathic a-helix (21). The BATS
domain senses membrane curvature and binds to early autophagosomal membranes in a
P13P concentration-dependent manner to recruit downstream effectors such as LC3 to
mediate autophagy (21, 34). Co-immunoprecipitation (ColP) experiments performed by
different groups indicate that residues 75-95 and residues 148-178 within the larger CCD
region are required for BECN1 binding (15, 16, 18, 19).

Recent 28 A cryo-EM reconstructions of Complex | and Complex Il indicate that these
quaternary complexes have a similar V-shaped molecular envelope (35). This study also
demonstrated that the BECN1:ATG14 or BECN1:UVRAG heterodimers constitute one arm
of the VV-shaped envelope, while the PI3KC3:P150 binary complex maps to the other arm.
Further, the BECN1 CCD forms a parallel heterodimer with either the ATG14 or UVRAG
CCDs, with the N-terminal ends of the heterodimers located at the junction of the two arms
of the V. The more recent 4.4 A structure of the VPS34:VPS15:VPS30:VPS38 complex
confirms that the BECN1:UVRAG CCD heterodimer has a parallel arrangement and
demonstrated that while VPS34 makes minimal interactions with the VPS30:VPS38
heterodimer, the VPS15 WD40 domain makes significant contacts with the VPS30:VPS38
CCD heterodimer (29).

However, structural details of the BECN1:ATG14 CCD interaction are still unavailable.
Further, given the low number of hydrophobic residues within the ATG14 CCD, the absence
of a clear heptad repeat or leucine zipper that would form a hydrophobic CCD interface, and
the moderate conservation of the ATG14 CCD; the identification of ATG14 residues
responsible for the interaction with the BECN1 CCD is non-trivial.
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Here we present the 1.46 A resolution X-ray crystal structure of the human BECN1 CCD
homodimer. This structure confirms that BECN1 forms an anti-parallel coiled-coil
homodimer in the absence of interactions with other CCD-containing binding partners.
Further, we investigate the interaction of human BECN1 and ATG14 CCDs by quantifying
thermodynamics of binding using isothermal titration calorimetry (ITC), and use circular
dichroism (CD) spectroscopy and tandem size-exclusion chromatography — small-angle X-
ray scattering (SEC-SAXS) to probe the structure of the ATG14 CCD, both as a monomer,
and in complex with the BECN1 CCD. We have built a pseudo-atomic model of a parallel
BECN1:ATG14 CCD heterodimer based on optimal packing interactions, and verified it
against experimental SAXS data. Based on this model, we identify BECN1 and ATG14
residues at the CCD heterodimer interface. We experimentally evaluate the role of selected
BECNZ1 and ATG14 residues by using ColP to evaluate binding, and cellular autophagy
assays to assess formation of GFP-LC3 labeled autophagosomes (36). The ColP assays
demonstrate that mutation of all BECN1 residues and many of the ATG14 residues selected,
adversely impacts heterodimerization. Lastly, we show that residues important for
heterodimerization are also important for the starvation-induced increase in cellular
autophagy levels. Thus, we have developed an accurate pseudo-atomic model of the
BECN1:ATG14 heterodimer and identified interface residues essential for
heterodimerization and autophagosome nucleation.

EXPERIMENTAL PROCEDURES

Sequence Analysis

Sequences of ATG14 orthologs from five eukaryotes: Homo sapiens, Rattus norvegicus,
Drosophila melanogaster, Arabidopsis thaliana, and Saccharomyces cerevisiae, were
identified by BLASTP searches of Genomic RefSeq Protein databases (http://
blast.ncbi.nlm.nih.gov/) for each organism. Multiple sequence alignments (Supplementary
Fig. S1) of these diverse orthologs were performed with CLUSTALW (37) and displayed
using Jalview (http://www.jalview.org/).

Protein Expression and Purification

The human BECN1 CCD (residues 175-265) was cloned into the pET29b expression vector
between Ndel and Xhol restriction enzyme sites to enable expression of the BECN1 CCD
with a C-terminal Hisg-tag using Kanamycin as a selection marker. The human ATG14 CCD
(residues 88-178) was cloned into the pMBP-parallel-1 expression vector (38) between
BamHI and Notl restriction enzyme sites to enable expression of an MBP-ATG14 CCD
fusion protein using Ampicillin as a selection marker. £. coli BL21(DE3)pLysS cells were
transformed with either one or both of these expression vectors. Expression of each protein
individually, or co-expression of both proteins, was induced with 0.5 mM IPTG. The
BECN1 CCD-Hisg was expressed at 20 °C overnight. However, in order to limit degradation
of the ATG14 CCD, MBP-ATG14 CCD expression and the MBP-ATG14 CCD + BECN1
CCD-Hisg co-expression was performed at 37 °C for 2 hours. All proteins were first purified
from cell lysate by affinity chromatography: two tandem 5 ml HisTrap columns (GE
Lifesciences) were used for BECN1 CCD purification, while a 10 ml amylose column was
used for MBP-ATG14 CCD purification. For the co-expressed proteins, a 10 ml amylose

Biochemistry. Author manuscript; available in PMC 2016 November 19.


http://blast.ncbi.nlm.nih.gov/
http://blast.ncbi.nlm.nih.gov/
http://www.jalview.org/

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Mei et al.

Page 5

column was first used to bind the MBP-ATG14 CCD. The MBP-tag was removed by on-
column cleavage by adding TEV protease in a 1:10 (w/w) ratio to the MBP-ATG14 CCD
protein and incubating at 4 °C for 8-10 hours. Subsequently, two 5 ml tandem HisTrap
columns were used to further purify the BECN1 CCD-Hisg in complex with the ATG14
CCD. Finally, all proteins were purified to apparent homogeneity by SEC (Supplementary
Fig. 2), using either a Superdex 200 16/60 or tandem Superdex 200 10/300 — Superdex 75
HR 10/300 columns (GE Lifesciences). Molecular weights were estimated by K,
calculations based on SEC standards (BioRad).

Crystallization, X-ray Diffraction Data Collection and Structure Solution

ITC

BECNZ1 CCD crystals were grown at 20 °C by hanging drop vapor diffusion from a drop
consisting of 1 pl of BECN1 CCD at 5.2 mg / ml in 25 mM Tris, pH 7.5, 150 mM NaCl and
2mM B-mercaptoethanol plus 1 pl of reservoir solution comprised of 39% v/v 2-methyl-2,4-
pentadiol, 9% v/v polyethylene glycol 400 and 100 mM Tris buffer, pH 7.5 suspended over a
reservoir of 1 ml. Crystals were harvested and cryo-protected in the reservoir solution and
then immediately flash-cooled in liquid N». Diffraction intensities from BECN1 CCD
crystals were recorded at 100 K at an X-ray wavelength of 0.9792 A at beamline 23ID-D of
GMCA@APS, Argonne National Laboratories (ANL), Argonne, IL. Images were collected
at 1 second exposure per 0.5° crystal rotation per image, in a 360° sweep from a single
crystal, on a MARmosaic 4x4 CCD detector (Rayonix) at a crystal-to-detector distance of
350 mm. Intensities were indexed, merged, and scaled using XDS (39). Data statistics are
summarized in Table 1. The BECN1 CCD structure was solved by molecular replacement
using Phaser-MR (40) with a search model extracted from the rat BECN1 CCD (residues
174-264), PDB code 3Q8T (30). The model was refined using Phenix (41) and model
building performed in Coot (42) (Table 1). Coordinates of the final refined model and
structure factors have been deposited in the Protein Data Bank with accession number
SHHE.

Separately purified BECN1 CCD and ATG14 CCD protein samples were loaded into
separate dialysis cassettes, which were simultaneously dialyzed against 2 L of 50 mM
HEPES, pH 8.0, 150 mM NaCl and 2 mM B-mercaptoethanol buffer to ensure matched
buffers for the ITC experiments. ITC experiments were performed at 20 °C using a Low
Volume Gold Nano ITC (TA Instruments). 400 pL of the BECN1 CCD at 0.18 mg/mL was
placed in the cell and 32.4 mg/mL ATG14 CCD wias titrated into the cell using 20 injections
of 2.5 uL each. The data were analyzed using the NanoAnalyze Software (TA Instruments)
with an independent model.

CD Spectroscopy

CD spectra were recorded at 4 °C between 195 and 250 nm using a 300 pL quartz cell with a
0.1 cm path length on a Jasco J-815 spectropolarimeter equipped with thermoelectric
temperature control. MBP-ATG14 CCD, MBP and the BECN1:ATG14 CCD complex were
diluted to 50 pM and dialyzed in CD buffer (10 mM potassium phosphate, pH 7.6, 100 mM
ammonium sulfate) overnight. Data were analyzed using CONTIN from the CDpro program
suite (43) within the Jasco Spectra Manager software.
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Construction of an Atomic Model of the BECN1:ATG14 CCD complex

CChbuilder V 1.0 (44) was used to build a series of parallel heterodimer models to determine
the register of the BECN1 and ATG14 helices that would result in optimal packing at the
heterodimer interface. Ten different registers of ATG14 were tested, and each was used to
build atomistic models of the BECN1:ATG14 CCD heterodimer using the program Protein
Structure Prediction Server ((PS)2) Version 3.0, http://ps2v3.life.nctu.edu.tw) (45), which
builds a model for protein complexes based on considerations of the packing density in the
complex and sequence alignments with known structures. Importantly, the optimal
heterodimer packing model identified by CCbuilder corresponded to the model with the
highest correlation coefficient produced by (PS)2. Lastly, for comparison, another program,
MODELLER (46, 47) was also used to build a coiled-coil model of the BECN1:ATG14
CCD heterodimer, based on the BECN1 CCD homodimer atomic structure and alignment of
the ATG14 CCD and BECN1 CCD sequences.

SEC-SAXS Data Collection and Analysis

SEC-SAXS data were recorded at beamline 18-1D of Bio-CAT at APS, ANL, Argonne, IL
on a Pilatus 1M detector at a sample-to-detector distance of 3.5 m, covering a momentum
transfer range of 0.0036A~1 < q < 0.4 A1, An aliquot of BECN1:ATG14 CCD complex at
5.9 mg/ml was injected onto a SEC column (Superdex 200 GL 10/300) and SAXS data were
recorded by exposing the column eluate to the X-ray beam for one second with a periodicity
of three seconds. SAXS signal from parts of the diffraction curve immediately preceding the
BECN1:ATG14 CCD heterodimer elution peak were selected, averaged and subtracted as
the buffer blank from data points within the peak corresponding to the BECN1:ATG14 CCD
heterodimer. Data analysis was performed using various programs within the ATSAS
program suite (48). Data were processed using PRIMUS (49) and the Rg was calculated
from Guinier extrapolation. The pair distribution function P(r), calculated by Fourier
inversion of the scattering intensity /q) using AutoGNOM, was used to calculate the Rg and
Dmax, and also for the reconstruction of an ab /nitio envelope by the application of ten cycles
in DAMMIF (50). The resulting bead models were sequentially analyzed using DAMSEL,
DAMSUP and DAMAVER, and then filtered using DAMMFILT (51). CRYSOL (52) was
used to fit and compare theoretical scattering curves, calculated from either the BECN1
CCD homodimer crystal structure or the BECN1:ATG14 CCD heterodimer model, for
comparison with the experimental SAXS curve. The BECN1 CCD homodimer crystal
structure and the BECN1:ATG14 CCD heterodimer model were then fit into appropriate ab
initio envelopes using the program SUPCOMB (53).

ColP of Exogenously expressed BECN1 and ATG14 mutants

ATG14 or BECN1 mutants were created by site-directed mutagenesis (Agilent). 5x10°
COS7 or MCF7 cells / ml were seeded in a 10 cm culture dish and cultured overnight in
DMEM (GIBCO) with 10% FBS (GIBCO) to ~80% confluence. Lipofectamine 2000
(Invitrogen, Carlsbad, CA) was used for transfection according to the manufacturer’s
instructions, using a total of 24 pg of plasmids in a 1:1 molar ratio of either Flag-tagged WT
BECNL1 and HA-tagged WT / mutant ATG14 to COS7 cells or HA-tagged WT ATG14 and
Flag-tagged WT / mutant BECN1 to MCF7 cells. Cells were lysed in a buffer comprising 50
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mM Tris HCI, pH 7.9, 150 mM NaCl, 1% Triton X-100, 1 mM DTT, protease inhibitor
cocktail (1 tablet per 50 ml buffer) (Roche Applied Sciences) and 1 mM PMSF. Cell lysates
were clarified by centrifugation at 14,800 x g for 10 min at 4 °C. The HA-tagged WT or
mutant ATG14 supernatants were saved and subjected to immunoprecipitation using mouse
monoclonal anti-Flag M2 antibodies (Sigma), whereas the Flag-tagged WT or mutant
BECN1 supernatants were collected and immunoprecipitated using rabbit polyclonal anti-
HA antibodies (Y-11, Santa Cruz), followed by overnight incubation with Protein G beads
(Invitrogen). The samples were eluted by 2 x Laemmli buffer, analyzed by western blot
using rabbit polyclonal anti-HA antibodies (Y-11, Santa Cruz) or monoclonal anti-Flag M2-
HRP antibody (Sigma) detected by ECL western blotting substrate (Thermo Fisher) and
imaged by a Storm Imager (GE Lifesciences).

Autophagy Assays

Autophagy levels were evaluated by monitoring cellular localization of GFP-tagged LC3
(36). 2x10° COS7 or MCF7 cells were seeded in each chamber of four-well culture slides
(Millipore EZ slides) and cultured overnight in DMEM with 10% FBS until ~80%
confluency. Lipofectamine 2000 was used for transfection as above, with cells in each
chamber being co-transfected with 4 g of total plasmids comprising 1.6 ug GFP-LC3; and
either 1.2 ug WT BECN1 and 1.2 ug WT or mutant ATG14 expression plasmids for COS7
cells; or 1.6 pg GFP-LC3 and 1.2 yg WT ATG14 and 1.2 ug WT or mutant BECN1
expression plasmids for MCF7 cells. After transfection, the cells were cultured in either rich
media (DMEM, 10% FBS, 2X amino acid mixture, GIBCO) or starvation media (Earle’s
balanced salt solution, GIBCO) for 4 hours. Then the cells were fixed with 4%
paraformaldehyde in PBS. GFP-LC3-positive puncta were observed using a Zeiss
AxioObserver Z1 fluorescent microscope and quantified by counting a minimum of 50 cells
per condition in three independent repeats using the Imaris program (Bitplane). The
significance of alterations in autophagy levels was determined by a two-tailed,
heteroscedastic student’s #test, wherein p < 0.05 is considered significant.

RESULTS

The Human BECN1 CCD forms an anti-parallel homodimer

We have determined the 1.46 A X-ray crystal structure of the human BECN1 CCD,
comprising residues 175-265. The crystals belonged to space group C2 with unit cell
parameters of a=58.2 A, h=71.58 A, ¢=58.45 A and p = 112.55° (Table 1) and contain
two BECN1 CCD monomers per asymmetric unit. The final model consists of residues 175-
265 in each monomer and 255 water molecules. The two monomers in the asymmetric unit
are almost identical; superimposing with an RMSD of 0.72 A over 91 Ca atoms. Each CCD
monomer in the asymmetric unit is paired with an equivalent symmetry related molecule by
a crystallographic two-fold axis, to form an anti-parallel dimer (A to A and B to B).

The human and rat BECN1 CCDs (30) have similar structures, comprising of an anti-
parallel, left-handed coiled coil homodimer (Fig. 1). The human and rat BECN1 CCD
monomers superimpose with an average RMSD of 1.38 A over 91 Ca atoms. For the human
BECN1 CCD, the surface area buried at the interface between the two monomers is 4849
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A2, accounting for 26.4% of the total surface area of each monomer, while for the rat
BECN1 CCD the surface area buried is 4969 A2, accounting for 27% of the total surface
area of each monomer. Residues that are different between the human and rat BECN1
CCDs: residues M182, 1207 and T259 in human correspond to R180, V205 and M257 in rat
(Fig. 1), are solvent-exposed and do not contribute to the homodimer interface. Half the
residues comprising the BECN1 CCD homodimer are charged, with a predominance of
acidic residues resulting in a very negatively charged surface (Fig. 2a). 40% of these charged
residues are conserved.

The human BECN1 CCD has 26 heptad repeats (a-b-c-a-e-f-g), that stabilize the homodimer
by interactions of residues at the “a” and “d” positions, similar to the rat BECN1 CCD. The
26 interacting pairs are comprised of two sets of thirteen unique pairs related by the
homodimer two-fold symmetry (Fig. 3a). Six of these thirteen unique “a” and “d” positions
of the heptad repeats are occupied by hydrophobic residues that form acceptable interacting
pairs, including three ideal pairs (Fig. 3a, Supplementary Table 1). The remaining seven
repeats bear bulky charged or polar residues resulting in non-ideal pairings at these a and d
positions (Fig. 3a, Supplementary Table 1). For instance, residues at the a and d positions of
the first heptad repeat of one helix, S177 and L180, pack against L264 and L261
respectively, at the d” and a’ positions of the last heptad repeat of the partner helix, resulting
in one non-ideal and one ideal pairing (Fig. 3a, Supplementary Table 1). The register of
heptad interactions is maintained throughout the length of the BECN1 CCD homodimer.

Polar interactions also play an important role in stabilizing the BECN1 CCD in both rat and
humans. The BECN1 CCD homodimer contains six pairs of inter-chain polar interactions.
At the interface, R205 forms a non-ideal pair with F236 of the partner helix, but in addition
to the hydrophobic packing of the aliphatic part of the side chain, it also stabilizes the
homodimer by forming two hydrogen bonds with Y233 and Q240 of the partner helix, two
polar interface residues located a turn away on either side of F236. Further, while the
aliphatic part of the interface E226 packs against the partner’s V215, the charged end makes
an inter-molecular polar interaction with Q216 of the partner helix. Therefore there are three
unique pairs of inter-molecule polar interactions in the BECN1 CCD homodimer that
compensate for the non-ideal pairings at the interaction interface and further stabilize the
CCD. Lastly, intra-molecular polar networks between charged and polar surface exposed
residues formed along the whole chain, including interacting triplets of charged residues,
diminish potential Coulombic repulsion between chains and stabilize CCD structure.

Despite the substantial similarity in overall structure and interface residues, the human
BECN1 CCD homodimer self-associates twice as tightly (K4 = 48.3 uM) (Table 2) as the rat
BECN1 CCD (Kq = 89 uM) (30). For the human homodimer, self-association is driven by
entropy rather than enthalpy (Table 2). The absence of enthalpic contributions to binding is
likely a result of the lower number of favorable interface interactions, relative to the total
buried surface area, and results in a metastable homodimer.

The ATG14 CCD is less helical than the BECN1 CCD

Sequence alignment of predicted ATG14 CCDs from five diverse eukaryotic organisms,
ranging from human to yeast, shows that the ATG14 CCD is moderately conserved
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(Supplementary Fig. S1). Secondary structure prediction using JPred4 (54) indicates that the
ATG14 CCD region spans residues 71-202 (Supplementary Fig. S1), similar to previously
published sequence analyses. Cellular studies show that ATG14 residues 71-180 include all
residues that are required for binding to the BECN1 CCD (15, 16, 18, 19). Further,
biophysical and biochemical studies using purified protein fragments show that residues 88—
178 are sufficient for the interaction with the BECN1 CCD (Supplementary Fig. S2) (30).
Therefore, we selected ATG14 residues 88-178, which matches the length of the BECN1
CCD (residues 175-265), as the nominal ATG14 CCD for structural studies (Supplementary
Fig. S1).

We utilized CD spectroscopy to analyze and compare the secondary structure content of the
ATG14 CCD, BECN1 CCD homodimer and BECN1:ATG14 CCD heterodimer
(Supplementary Fig. S3). Since the CCDs were expected to be highly helical, we used
CONTIN (43), which has been shown to provide the most accurate estimation of a-helical
content in proteins (55), to calculate the secondary structure content from the CD spectra
measured from each sample. Consistent with expectations, all spectra have strong helical
features comprising a positive transition at 195 nm and two negative transitions at 208 nm at
222 nm (Supplementary Fig. S3). However, there are differences in the helical and coil
content estimated for each CCD sample (Table 3). The 97-residue BECN1 CCD monomer
construct comprising the 91-residue BECN1 CCD (175-265) and a Hisg-tag is highly
helical, with a helical conformation adopted by 168 residues within the 194-residue
homodimer, or 84 residues within each 97-residue monomer (Table 3). However, this
helicity is less than that observed in the BECN1 CCD X-ray crystal structure, wherein all
observed residues form an a-helix.

The purified ATG14 CCD is unstable upon cleavage of the MBP-tag in the absence of an
interacting partner; therefore CD spectra were recorded from the MBP-tagged ATG14 CCD.
Analysis of this spectrum indicates that, of the 487 residues in the fusion protein (371
residues from MBP, 25 in the linker and 91 in the ATG14 CCD), 277 residues are in a
helical conformation, 53 are in B-conformation and 157 are in a random coil conformation
(Table 3). Analysis of a CD spectrum recorded from MBP alone indicates that of the 371
total residues, 214 residues are in helical conformation, 52 in p-conformation and 105 in
random coil-conformation (Table 3). Subtraction of the secondary structure content of MBP
from the MBP-ATG14 CCD enables us to deduce the secondary structure content of the
ATG14 CCD when not in complex with BECNL1 or other partners. Assuming the secondary
structure of MBP does not change between the isolated MBP and the fusion protein, and the
25-residue linker is a random coil, we find that only 63 of the 91 residues comprising the
ATG14 CCD are helical and 27 residues exist in a coil conformation. Thus, the ATG14 CCD
is significantly less helical and more disordered than the BECN1 CCD.

The ATG14 CCD does not appear to form a homodimer, as no heat of self-association was
detected in ITC measurements. This is not surprising as the ATG14 CCD has only 21
hydrophobic residues. Our ITC measurements indicate that the human ATG14 CCD binds to
the BECN1 CCD in a 1:1 stoichiometry with a moderate affinity, that is ~10-fold tighter
than BECNL1 self-association under the same conditions (Table 2). Further, this
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heterodimerization is both enthalpically and entropically favorable, in contrast to BECN1
homodimerization, which is driven entirely by entropy (Table 2).

To further understand the structural basis of heterodimerization, we purified the
BECN1:ATG14 CCD complex (Supplementary Fig. S2). We confirmed the presence of both
proteins in the purified sample using SDS-PAGE (Supplementary Fig. S2) and mass
spectrometry (data not shown). Analysis of CD spectra measured for the purified
heterodimer indicates that 152 of the 191 residues in the BECN1:ATG14 CCD heterodimer
are in a helical conformation (Table 3), sixteen residues less than that observed for the
BECN1 CCD homodimer; while 38 residues are in a random coil conformation, compared
to the 24 in the BECN1 CCD homodimer. Assuming the helicity of the BECN1 CCD does
not change relative to that observed within a BECN1 homodimer, the ATG14 CCD has 68
residues in a helical conformation. Alternately, assuming that the helicity of both, the
BECNL1 and ATG14 CCDs are comparable within the heterodimer, the ATG14 CCD will
have ~76 residues in helical conformation. Thus, compared to the ATG14 CCD helicity in
the monomeric state, in the context of the BECN1:ATG14 CCD homodimer, the helicity of
the ATG14 CCD is marginally increased by five to thirteen residues.

The BECN1:ATG14 CCD heterodimer has a partially disordered, elongated structure

We conducted extensive crystallization trials of both, the MBP-ATG14 CCD fusion protein
and the ATG14:BECN1 CCD heterodimer. Although both SDS-PAGE and mass
spectroscopy show that the protein samples used for crystallization contained the appropriate
protein, we were unable to obtain crystals of either the fusion protein or the complex.
Indeed, we find that the ATG14 CCD is very unstable even in complex with the BECN1
CCD. Careful monitoring by SDS-PAGE shows that it degrades in approximately three days
even at 4 °C (data not shown). It is likely that this rapid degradation of ATG14 CCD,
coupled with its inherent structural flexibility, prevented crystallization.

Therefore, in order to gain better insight into the size and shape of the BECN1 : ATG14
CCD heterodimer, we performed SAXS on samples frozen immediately after purification.
To ensure that the SAXS data were collected from a homogeneous sample, SAXS was
performed in tandem with size exclusion chromatography (SEC-SAXS). The SEC profile of
the purified complex comprises a single peak consistent with an elongated CCD dimer and is
indicative of the absence of aggregated protein (Supplemental Fig. S2). The low g-range
region in the Guinier plot (Fig. 4a) is linear in the range of g x Ry < 1.3. The Radius of
Gyration (Rg) estimated from the Guinier plot and the P(r) distribution function (Fig. 4b) is
34 A and 37 A respectively, which is comparable to the Rq of 38 A calculated from the
heterodimer model; and similar to the Ry of the elongated BECN1 CCD homodimer
calculated from the SAXS data (28). The P(r) distribution was also used to calculate a Dyax
of 125 A (Fig. 4b), indicating that the heterodimer has an elongated structure, as expected
for a CCD. The molecular weight derived from the Porod Volume of the heterodimer is 25.5
KD, close to its theoretical molecular weight of 23.9 KD. The most striking difference
between the BECN1 CCD homodimer and the BECN1:ATG14 CCD heterodimer is
observed in the Kratky plots (Fig. 4c). Consistent with the X-ray crystal structure, the Kratky
plot calculated for SAXS data recorded from the BECN1 CCD homodimer indicates that
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this domain is well folded (28), but the Kratky plot calculated for SAXS data recorded from
the BECN1:ATG14 CCD heterodimer indicates that it is partially unfolded (Fig. 4c), which
is consistent with our estimation of secondary structure content from the CD spectrum of the
complex. Therefore, both CD spectroscopy and SAXS indicate that the BECN1:ATG14
CCD heterodimer is unstructured relative to the BECN1 CCD homodimer.

BECN1 and ATG14 form a curved CCD heterodimer

The low-resolution SAXS envelope calculated for the BECN1:ATG14 CCD heterodimer has
an elongated shape (Fig. 5), similar to that of the BECN1 CCD homodimer (28). However,
unlike the BECN1 CCD homodimer envelope (28), the heterodimer envelope has a
pronounced curvature fitting a radius of ~15 nm. In order to further investigate structural
details of the BECN1:ATG14 CCD heterodimer interaction interface, we built an atomistic
model of the heterodimer (Fig. 2b) as a parallel CCD, based on information from the Cryo-
EM reconstruction of the human BECN1:ATG14:P150:PI3KC3 quaternary complex (35).
This parallel arrangement is also analogous to the heterodimer formed by the CCDs of
VPS30 and VPS38, which correlate to BECN1 and UVRAG, in the X-ray crystal structure
of the yeast VPS30:VVPS38:VPS15:VVPS34 quaternary complex (29).

Strikingly, the heterodimer models obtained from the programs (PS)? and MODELLER are
both curved, with a curvature radius of 14 or 15 nm respectively (Fig. 2b), similar to the
curvature radius observed for the experimental SAXS envelope (Fig. 5, right panels), but
different from the BECN1 CCD homodimer, which forms a flat structure (Fig. 2a). Further,
residues placed at the interface are similar in both models, therefore for subsequent analysis
we primarily used the model obtained from (PS)2. The CCD heterodimer curvature results in
a heterodimer CCD length of 126 A (Fig. 2b), that agrees well with the Dy,ax 0f 125 A
calculated from the P(r) function derived from the heterodimer SAXS data, but is
significantly shorter than the BECN1 CCD homodimer (Fig. 2a).

Next, we compared the experimental SAXS data recorded from the BECN1:ATG14 CCD
heterodimer to the theoretical scattering curves calculated from the BECN1:ATG14 CCD
heterodimer model and the BECN1 CCD homodimer structure. The experimental SAXS
scattering curve fit nicely to the theoretical scattering curve calculated from the heterodimer
model, with a XZ of 1.1 (Fig. 5a, top left panel). Consistent with this, the envelope encloses
the heterodimer model very well (Fig. 5a, top right panel). In contrast, the experimental
SAXS data recorded for the BECN1:ATG14 CCD heterodimer does not fit well to the
theoretical scattering curve calculated from the BECN1 CCD homodimer crystal structure,
with a relatively higher x2 of 2.1 (Fig. 5b, bottom left panel). Consistent with this, the
BECN1 CCD homodimer crystal structure fits poorly into the molecular envelope calculated
from the BECN1:ATG14 CCD heterodimer SAXS data, with both termini of the 137 A long
BECN1 CCD extending beyond the envelope and the curvature of the heterodimer envelope
resulting in poor agreement along the center of the BECN1 CCD homodimer (Fig. 5b,
bottom right panel). Thus, the BECN1:ATG14 CCD heterodimer model fits better than the
BECN1 CCD homodimer structure to the SAXS data recorded from samples of the
heterodimer.
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A comparison of the BECN1:ATG14 CCD heterodimer model to the analogous CCD
heterodimer structure of the BECN1:UVRAG yeast homologs VPS30:VVPS38 within the
VPS34:VPS30:VPS38:VPS15 complex, shows that the 159 A long VPS30:VPS38 CCD
heterodimer is less curved, with a radius of curvature of ~17 nm (Fig. 2c). Thus, the
BECN1:ATG14 CCD heterodimer is more curved relative to both, the BECN1 CCD
homodimer and BECN1:UVRAG CCD heterodimer (Fig. 2). As modeled, the
BECN1:ATG14 CCD heterodimer (pl=7.0) has a more neutral surface (Fig. 2b) than the
highly negatively charged BECN1 homodimer (pl=4.3) (Fig. 2a). In the BECN1:ATG14
CCD heterodimer, the N-terminal and central regions are negatively charged, while the C-
terminal ends are positively charged (Fig. 2b). The electrostatic surface of the
VPS30:VPS38 CCD heterodimer (pl=6.2) is also closer to neutral, with the N-terminal
region being positively charged while the central and C-terminal parts are moderately
negatively charged (Fig. 2c).

The BECN1:ATG14 CCD Heterodimer Interface

Examination of the BECN1:ATG14 CCD heterodimer model shows that the total surface
area buried at the interface in the heterodimer is 4449 A2, accounting for 25.8% of the
ATG14 CCD surface area and 25.6% of the BECN1 CCD surface area. This is slightly less
than the 4849 A2 buried in the BECN1 CCD homodimer interface. In contrast, the CCD
heterodimer of VPS30:VPS38 buries a total surface area of 3319 A2, accounting for 16.8%
and 15.9% of the surface area of VPS30 and VVPS38, respectively, which is much less than
that observed for either the BECN1:ATG14 CCD heterodimer or the BECN1 CCD
homodimer.

Superposition of the BECN1:ATG14 CCD heterodimer on the BECN1 homodimer
(Supplementary Fig. S4a) shows that the BECN1 CCD in the two structures aligns
moderately well, with an RMSD of 2.6 A over 91 Ca atoms. Superposition of the
VPS30:VPS38 CCD heterodimer (29) (Supplementary Fig. S4b) on the BECN1 CCD
homodimer is somewhat worse, with the VPS30 and BECN1 CCDs aligning with an RMSD
of 3.5 for 91 Ca atoms. Superposition of the BECN1:ATG14 CCD heterodimer on
equivalent regions of the VPS30:VVPS38 CCD heterodimer (29) (Supplementary Fig. S4c)
shows that the BECN1 CCD also aligns moderately well with equivalent VPS30 residues,
with an RMSD of 2.7 A for 91 Ca atoms; however, the partner ATG14 CCD superimposes
more poorly upon the VPS38 CCD, with an RMSD of 4.1 A for 82 Ca atoms.

In all three CCD dimer structures, the same BECN1 or equivalent VPS30 residues are
pointed toward complementary residues from the partner CCD either from BECNL1 or
ATG14 or VPS38 (Fig. 3 and Supplementary Table S1). The BECN1:ATG14 CCD dimer is
modeled as a parallel coiled-coil heterodimer, therefore, the residues at the a and d positions
of heptad repeats from the BECN1 CCD interact with residues at the a” and d” positions of
heptad repeats from the ATG14 CCD, to form 25 interacting pairs (Fig. 3b and
Supplementary Table S1). A comparison of the residues at the interaction interfaces of the
homodimer and heterodimer (Fig. 3a and 3b), shows that all the BECN1 residues that
contribute to the homodimer interface are also involved in the heterodimer interactions with
ATG14 (Supplementary Table S1), except for L264 from the last BECN1 heptad repeat.
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Analysis of the BECN1:ATG14 CCD heterodimer interface, shows that of the 25 interface
pairs, only ten form acceptable hydrophobic interactions, including six ideal pairs (Fig. 3b
and Supplementary Table 1). In the heterodimer, BECN1 residues S177 and L180 from the
first heptad repeat, pack against ATG14 residues F92 and E95 (Fig. 3b and Supplementary
Table S1). This register is maintained through the whole chain of interactions starting with
BECN1 S177 and ATG14 F92, to BECN1 L261 and ATG14 V176.

Ten of the 25 BECN1:ATG14 interface pairs are hydrophobic (Fig 3b, Supplementary Table
S1). Interestingly, most of these interface pairs are conserved amongst diverse eukaryotes,
except for BECN1 A219, F236, and L261. This is particularly striking because amongst
these pairs, BECNL1 residues V208, L212, F236 and V250 are paired with conserved polar
residues from the partner BECN1 CCD in the homodimer, and therefore make better
hydrophobic interactions in the modeled heterodimer than in the BECN1 homodimer (Fig. 3,
Supplementary Table S1). We find that toward the center of the heterodimer, BECN1
V208:ATG14 L123 and BECN1 L212:ATG14 1127 form two consecutive ideal hydrophobic
pairings (Fig. 3b) and these residues are conserved in both BECN1 and ATG14, indicative of
their importance in heterodimer formation. In addition, BECN1 V215 that was paired with a
glutamate is paired with the neutral G130 from ATG14 in the heterodimer (Fig 3,
Supplementary Table S1)

The invariant, charged BECNL1 interface residue, E191, participates in ‘imperfect’ pairing
with the highly conserved BECN1 V250 within the CCD homodimer (Fig. 3a,
Supplementary Table S1). However, in the heterodimer, BECN1 V250 packs against the
hydrophobic ATG14 1165, which is highly conserved amongst higher eukaryotes; while
BECN1 E191 pairs with the conserved ATG14 T106, with the pairing stabilized by
hydrogen bonds (Fig. 3b, Supplementary Fig. S1 and Table S1). Further, the polar BECN1
Q240, which is partnered with hydrophobic V201 in homodimer, makes better interactions
as it partnered with the conserved small residue, A155, in the heterodimer.

BECNZ1 S177 and Q240 form non-ideal interface pairs with ATG14 F92 and A155
respectively, however, they are stabilized by inter-molecular polar interactions with two
polar ATG14 interface residues, E95 and H158, located one turn away from the paired
ATG14 residues. Further, the conserved BECNL1 interface residue, Y233, is stabilized by an
inter-chain polar interaction with the solvent-exposed, conserved ATG14 R154. Lastly, the
heterodimer is also stabilized by a salt-bridge between the solvent-exposed conserved
residues, BECN1 E190 and ATG14 R110. Thus, the interaction of the ATG14 CCD with the
BECN1 CCD appears to involve many conserved, hydrophobic residues, as well as
conserved, polar residues that are paired with conserved, polar BECNL1 residues.

We used the numbering and positions in the 4.4 A poly-alanine model of the
VPS34:VPS30:VPS38:VPS15 complex, to model the residue side chains. Based on this, our
analysis indicates that residues of the yeast VPS30 homolog that are equivalent to the
BECNL1 CCD interface residues are also pointed toward and involved in binding VPS38
(Fig. 3, Supplementary Table S1). However, residues contributed to the interface by VPS38
are mostly polar and charged (Fig. 3c and Supplementary Table S1). Amongst 19 VPS38
residues involved in heterodimer interaction, only L238, L252 and V286 are hydrophobic,
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but they interact with polar BECN1 D258, K272 and large side-chain F307 respectively
(Fig. 3c). Thus the VPS30:VPS38 interface comprises almost entirely of non-ideal pairings.
Further, the CCDs of VPS30 and VVPS38 are physically shifted relative to each other,
therefore VPS30 residues corresponding to four BECNL interface residues from the N-
terminal heptads, S177, L180, L184 and L187; as well as one residue from the C-terminal
heptad, L264, do not interact with VPS38 residues (Fig. 3c and Supplementary Table S1).
Lastly, a loop inserted in the center of the VPS38 CCD results in BECN1 residues Q286 and
M289 not being paired at the interface.

Thus, overall, the VPS30:VVPS38 heterodimer has very few hydrophobic interactions, with
an interface that is not as extensive or well-packed as either the BECN1 CCD homodimer or
BECN1:ATG14 heterodimer interfaces (Fig. 3 and Supplementary Table S1). The
BECN1:ATG14 interface is slightly more extensive than that of the BECN1 homodimer with
some non-ideal packing interactions involving paired hydrophobic and polar residues in the
homodimer, being replaced in the heterodimer by either better hydrophobic interactions or
polar pairings. These improved interactions result in a significant enthalpic contribution to
BECN1: ATG14 CCD binding (Table 2). The differential packing of BECN1 homodimer
and different heterodimer interfaces, likely enables competitive binding of diverse BECN1
partners in cells.

BECN1 CCD Interface Residues are Important for Binding the ATG14 CCD and are required
for Starvation-Induced Autophagy

In order to assess the importance of residues at the CCD interface, we mutated selected
interface residues to alanine in full-length BECN1, then assessed the impact of these
mutations on ColP with full-length ATG14 and on cellular autophagy levels. The
hydrophobic BECNL1 interface residues L184, L194, V208, L212, L222, Y233, F236 and
V250 (Fig. 3) were selected for alanine-mutagenesis. Of these selected BECNL1 residues,
L194 is invariant and F236 is not conserved, while the remaining residues are conserved.
Based on the heterodimer model, L194, V208, L212, and V250 form ideal hydrophobic
pairings with conserved ATG14 residues. BECN1 F236 interacts with the highly conserved
ATG14 L151; while L184, L222, Y233 participate in non-ideal interactions with polar or
small ATG14 interface residues (Fig. 3b, Supplementary Table 1).

The cellular assays were performed using MCF7 cells, which have a defective becn1 gene
and express low levels of BECN1 (14, 56-58), thereby allowing the effect of BECN1
mutations to be assayed in the absence of endogenous BECN1. Our Co-IP results show that
all the BECNL1 interface mutations dramatically decreased interaction with ATG14 (Fig. 6a).
Amongst these, the L212A and L222A mutations completely abolish interaction with
ATG14; the L194A, V208A, Y233A, F236A and VV250A mutations result in barely
detectable interaction with ATG14, and only the L184A mutant shows clear interaction with
ATG14, although the interaction is substantially diminished relative to wild-type (WT)
BECNL1 (Fig. 6a). These results confirm the essential role of these BECN1 residues
identified from our BECN1:ATG14 heterodimer model in mediating the interaction of full-
length BECN1 and ATG14 in cells.
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Earlier studies have conclusively shown that the interaction of BECN1 and ATG14 is
required for autophagosome nucleation (15, 33). Therefore, here we monitored autophagy
levels simply by quantifying the change in cellular localization of a GFP-tagged, transiently
expressed mammalian autophagy-specific marker, LC3 (GFP-LC3) from a diffuse
cytoplasmic distribution to localized punctae corresponding to autophagosomal structures
(36). Due to low BECNL1 expression levels, MCF7 cells do not show starvation-induced
increases in autophagy unless BECNL1 is ectopically expressed (14, 56-59). Transient
expression of BECN1 in MCF7 cells led to a marked increase in autophagy upon starvation
(p = 6.0x1074 for starved versus nutrient-rich cells; Fig. 6b, 6c).

Basal autophagy levels in nutrient-rich media are typically lower and less consistent than in
starvation conditions. Nevertheless, in nutrient rich conditions, the expression of the BECN1
CCD interface mutants results in basal autophagy levels similar to WT BECN1, (ranging
between p = 0.20 to 0.98 for mutants versus WT BECNZ1; Fig. 6b, 6¢). In contrast, a
pronounced effect is seen on starvation-induced autophagy levels. Starvation triggers an
increase in autophagy regardless of whether WT or mutant BECNL1 is expressed (ranging
between p = 4x107° to 0.02) for starvation versus rich conditions; Fig. 6b, 6¢), except in the
case of BECN1 L222A that abrogates starvation-induced autophagy (p = 0.07 for starvation
versus rich conditions; Fig 6¢). However, the starvation-induced increase in autophagy is
markedly diminished when upon expression of each of the BECN1 mutants (ranging
between p = 2x107° to 0.008 for mutants versus WT BECN1; Fig. 6¢), with the decrease in
starvation-induced autophagy caused by each mutation being somewhat co-related with the
ability of the mutant to bind ATG14. This suggests that the BECN1 CCD interface residues
are not essential for basal levels of autophagy in nutrient-rich conditions, but are critical for
the interaction with ATG14 and for starvation-induced up-regulation of autophagy.

ATG14 CCD Residues Important for Binding the BECN1 CCD are also required for
Starvation-Induced Autophagy

Based on our analysis of the BECN1:ATG14 CCD interface, hydrophobic ATG14 interface
residues L109, 1120, L123, 1127, L151 and 1165 (Fig. 2b, Supplementary Table 1) were
selected for alanine-mutagenesis, to investigate their role in heterodimerization with
BECNL1, as well as in mediating autophagy. Each of these residues is conserved and also
paired with a conserved BECNL1 residue within the BECN1:ATG14 CCD heterodimer.

ColP experiments were used to assess the impact of these mutations on the interaction
between exogenously expressed full-length BECN1 and ATG14 (Fig. 7a). Our results show
that compared to WT ATG14, expression of mutant ATG14 constructs decreases interaction
with WT BECNL1 (Fig. 7a). Expression of 1120A or 1165A ATG14 mutants abolishes
binding to BECN1,; expression of the L123A or 1127A mutants substantially decreases
binding; while expression of the L109A or L151A mutants only marginally decreases
binding to BECNL1 (Fig. 7a). Therefore, ATG14 1120 and 1165 appear to be required for
binding to BECN1, while L109A and L151A are less important.

Next we investigated the effect of these mutations on cellular autophagy, by quantifying
transiently-expressed, GFP-LC3 labeled, autophagosomal puncta in mammalian cells in both
nutrient-rich and starvation media. Since earlier studies have used diverse methods to
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establish the critical role of ATG14 and BECNL1 in autophagosome nucleation, and show that
in starvation conditions, ATG14 promotes autophagic flux via binding to BECN1 (15-20);
the quantification of the cellular localization of the GFP-LC3 labeled, autophagosomal
puncta is adequate for assessing the impact of ATG14 mutations on cellular autophagy levels
(Fig. 7b and 7c¢). Monkey kidney COS?7 cells were selected for this experiment as they have
reduced endogenous expression of some autophagy-related genes including ATG14, and do
not show a starvation-induced increase in autophagy unless ATG14 is ectopically expressed
(Fig. 7b and 7c¢) (60). This allows us to assess the impact of ATG14 mutants on autophagy
without background effects due to endogenous ATG14 expression.

We find that in nutrient-rich conditions, the number of autophagic puncta are comparable,
regardless of whether ATG14 is exogenously expressed or not (p = 0.24 for absence vs.
presence of ectopically-expressed ATG14). Indeed, in nutrient rich conditions, none of the
ATG14 CCD mutants significantly impact cellular autophagy levels, as indicated by the
similar numbers of autophagosome puncta per cell (p > 0.05 for mutants vs. WT ATG14;
Fig. 7c). Strikingly however, starvation does not increase the number of autophagosomes (p
= 0.89, for starvation vs. nutrient rich conditions in absence of ectopically-expressed
ATG14), unless ATG14 is exogenously expressed (p = 0.007 for starvation vs. nutrient rich
conditions when ATG14 is exogenously expressed; Fig. 7c). This suggests that ATG14
expression, and consequently the BECN1:ATG14 interaction, is not essential for basal levels
of autophagosome nucleation in nutrient-rich conditions, but is critical for the starvation-
induced up-regulation of autophagy.

All the ATG14 mutations tested adversely impact starvation-induced up-regulation of
autophagy. Consistent with the ColP results, up-regulation of autophagy in response to
starvation is significantly diminished upon exogenous expression of either the 1120A or
1165A ATG14 mutant (p = 0.005 and 0.009, for mutant vs. WT ATG14 respectively, Fig 7b
and 7c¢), for which no BECN1 binding was detected. Interestingly, there is a comparable
reduction in the starvation-induced up-regulation of autophagy even when the L123A and
1127A ATG14 mutants are expressed (p = 0.005 and 0.01, for mutant vs. WT ATG14
respectively, Fig 7b and 7c), which show weak binding to BECN1. Further, even the L151A
ATG14 mutant that shows only a marginal decrease in binding to BECN1, shows a
significant decrease in starvation-induced up-regulation of autophagy (p = 0.01, for L151A
vs. WT ATG14), although the levels of starvation-induced autophagy are higher than for the
preceding four mutants (Fig 7c). Only the L109A ATG14 mutant does not significantly
diminish starvation-induced up-regulation of autophagy (p = 0.11 for L109A vs. WT
ATG14, Fig 7b and 7c), consistent with the marginal decrease in BECN1 binding observed
for this mutant.

Thus, our cellular assays validate the atomistic model, as mutations of the selected interface
residues results in decreased BECN1:ATG14 interaction, and reduced autophagy levels.
Further, the starvation-induced up-regulation of autophagy is correlated with the ability of
the ATG14 CCD to interact with the BECN1 CCD. However, this correlation is not perfect,
as the reduction in starvation-induced autophagy is more dramatic than would be expected
from a response that was proportional to the reduction of interaction between ATG14 and
BECNL1 due to each mutation. From a biochemical mechanism perspective, this suggests that
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even a marginal decrease in the binding of BECN1 and ATG14 can have larger physiological
effects within a cell.

DISCUSSION

BECNZ1 and ATG14 both contain CCDs that are essential to their role in autophagosome
biogenesis and mediate a variety of interactions. However, there are many differences
between the CCDs of the two proteins. The BECN1 CCD self-associates to form a stable,
highly-helical, anti-parallel homodimer in the absence of other partners that interact via the
CCD. In contrast, the ATG14 CCD has no detectable homodimerization, and approximately
30% of the CCD appears to be disordered in the monomeric state, and only marginally less
within the BECN1:ATG14 heterodimer. It is likely that this disordered structure makes
ATG14 particularly prone to proteases, preventing purification in the absence of a stabilizing
tag such as MBP and complicating structural studies. Indeed, contrary to our expectations,
but consistent with the observed disorder in both monomeric and heterodimeric states, the
heterodimerization with BECNL1 did not completely protect ATG14 from degradation, only
somewhat delayed degradation. This conformational flexibility is likely an important
structural and biochemical property of ATG14, perhaps facilitating interactions with diverse
partners or simultaneous interaction with multiple partners as well as structural elasticity
within different complexes, thereby enabling ATG14 to adopt different conformations to
perform diverse functions.

The BECN1 CCD, which is well conserved amongst homologs (Figure 1), has been shown
to be sufficient for self-interaction in cells (61, 62). BECN1 homo-oligomers were detected
in mammalian cells via co-immunoprecipitation (ColP) and immuno-blotting, even during
starvation and rapamycin induced autophagy (62). Further, while /n vitro ITC studies
indicate that UVRAG, which heterodimerizes via the BECN1 CCD, disrupts the BECN1
homodimer (61); over-expression of the UVRAG CCD in cell culture diminishes, but does
not abolish homo-oligomerization (61, 62). These studies suggest that the BECN1 CCD has
functions as a homodimer; that extend beyond forming heterodimers within PI3KC3
complexes that mediate autophagy. BECN1 has been implicated in diverse functions besides
autophagy. BECN1 contributes to endocytic trafficking in C. elegans (63) and Drosophila
(64). Caspases-3, 7 and 8, cleave BECN1 at D133 or D149 to generate autophagy-inactive
N- and C-terminal fragments that include the CCD, and these CCD-containing fragments
translocate to the mitochondria, triggering the release of pro-apoptotic factors like
cytochrome c to initiate apoptosis (65, 66). BECN1 also localizes to the nucleus where it
regulates transcription of autophagosome maturation-related proteins such as LC3, lysosome
associated membrane protein, and Ras-associated protein Rab-7a, by reducing Transcription
Factor EB activation. The BECN1 nuclear export signal (NES) forms a complex with the
chromosomal maintenance protein 1 (CRML1) to facilitate nuclear export of BECN1 (4, 56,
67-69). It is possible that the BECN1 homodimer contributes to these other functions
biological functions, but this is yet to be explored.

BECNL is well conserved and ATG14 is moderately conserved amongst eukaryotes. The
CCD of each protein constitutes one of the best-conserved domains within each protein. As
expected, the sequences, overall structures and interactions stabilizing the human and rat
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BECN21 CCD homodimer are very similar, but differ from the structure and interactions
within the BECN1:ATG14 heterodimer. The pseudo-atomic, parallel BECN1:ATG14 CCD
model, verified by good fits to experimental SAXS data, enables identification of potential
ATG14 and BECN1 CCD residues that contribute to the BECN1:ATG14 interaction.
Mutagenesis combined with cellular ColP assays of selected BECN1 and ATG14 interface
residues confirms that almost all of them are important for heterodimerization, verifying the
BECN1:ATG14 CCD pseudo-atomic model presented. Further, the heterodimer model
presented here is also supported by previously published studies using ITC to investigate the
potential role of alanines and/or charged BECNZ1 residues located at the interface of the
BECN21 homodimer, in binding ATG14. Interaction with the ATG14 CCD is abolished by
the BECNL1 single mutations: E191L and R205L; double mutations: E191L+A257L and
A219L +E226L ; triple mutation A219L+E226L+A257L; and the tetrad mutation E191L
+A219L+E226L+A257L (30).

Strikingly, we find that exogenous expression of ATG14 in COS7 cells which have no
detectable endogenous ATG14 expression, does not result in an increase in the number of
autophagic puncta in nutrient-rich conditions. However, starvation-induced up-regulation of
autophagy is observed only upon exogenous expression of ATG14, consistent with previous
studies that indicate ATG14 is primarily required for the starvation-mediated up-regulation
of autophagy (18, 19). Our studies have unambiguously identified point mutations in either
BECNL1 or ATG14 that abrogate heterodimerization, and shown that that the BECN1:ATG14
interaction is not essential for low, basal levels of autophagosome formation, but is critical
for starvation-induced up-regulation of autophagy. Further, our results indicate that even a
slight reduction of the BECN1:ATG14 interaction dramatically abrogates the increase in
autophagy in response to starvation. The differential packing interaction of BECNL1 in the
homodimer and different heterodimers likely enables competitive binding of diverse BECN1
partners in cells. Perhaps, in cells undergoing autophagy, a slight reduction in
heterodimerization affinity is sufficient to allow other BECNL1 interactions to out-compete
the interaction with ATG14, thereby altering the biochemical equilibrium of complex
formation and preventing an up-regulation of autophagy.

The mechanism by which association of BECN1:ATG14 or BECN1:UVRAG with the
PI3KC3:P150 binary complex increases PI3KC3 catalytic activity is unclear. BECN1 and
ATG14 may facilitate the association of Complex | with membranes, serving as a sensor of
membrane lipid composition and, in the case of ATG14, membrane curvature. Further, both
BECNL1 and ATG14 are implicated in additional interactions, with BECN1 specifically
appearing to serve as an interaction hub for autophagy regulators (27, 66, 70, 71). Therefore,
the combined role of these proteins appears to be to serve as a scaffold for the
autophagosome nucleation complex, thereby up-regulating catalytic activity of PI3KC3; to
sense and influence membrane curvature and lipid composition and to serve as an interaction
hub for autophagy regulators.

Various studies have now shown that the CCDs of each protein are required and sufficient
for the interactions of BECN1 with either ATG14 or UVRAG (15-19, 72, 73), therefore it is
very important to understand the structural basis of BECN1:ATG14 (and BECN1:UVRAG)
CCD heterodimerization. However, other domains from each protein likely also support
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these interactions. For instance, the BECN1 C-terminal BARAD packs against a BARAD at
the C-terminus of UVRAG; and the FHD, a short helical region preceding the CCD in both
BECNL1 and UVRAG, also forms a heterodimeric coiled-coil structure in the quaternary
structure complex (29). Therefore, it is possible that the ATG14 BATS domain packs against
the BECN1 BARAD. Further, although unlike BEN1, ATG14 is not predicted to contain a
helical region preceding the CCD, the existence of such a helical interacting region is not
impossible given the known ATG14 domain architecture. Lastly, it is likely that subsequent
association with other proteins within the larger PI3KC3 complex further stabilizes the
heterodimer.

Our results show that the BECN1:ATG14 CCD heterodimer is shorter and more curved than
the VPS30:VPS38 CCD heterodimer, which would alter the conformation of, and
interactions within and outside, the quaternary PI3KC3 complexes. For instance, the
different structure and curvature of the BECN1:ATG14 CCD heterodimer would result in
changes in the relative positioning of membrane-binding domains within the quaternary
complex (Supplementary Fig. S5). The C-terminal BECN1 BARAD and ATG14 BATS
domain that are required for membrane association and for sensing membrane composition;
and the PI3KC3 catalytic domain, which binds to PI-rich membranes, are located at the tips
of the two arms of the V-shaped complex. The altered curvature would result in ~14 A
displacement of the BECN1 BARAD from the position occupied by the VPS30 BARAD
within the quaternary complex, relative to PI3KC3 (Supplemental Fig. S5). Such changes in
Complex | may dictate the preferential binding to more curved membranes. Further, the
different positions, curvatures and sequences of the BECN1:ATG14 and BECN1:UVRAG
heterodimers would necessitate altered positioning and interactions of the VPS15 (P150)
WD50 domain within the quaternary structure. This may, in turn, alter P150:PI3KC3
interactions, resulting in stabilization of a more catalytically-active conformation of
PI3KC3. As formation of the autophagosome nucleation complex increases PI3P content in
the membranes, it would lead to formation of additional quaternary complexes as well as
recruitment of other PI3P-binding autophagy proteins.

The CCDs of BECN1 and ATG14 have also been implicated in other, mutually exclusive
interactions. The BECN1 CCD also interacts with CCDs from diverse proteins such as
UVRAG/VSP38 (72, 74), TAB2 and TAB3 (75, 76). While the interaction of the BECN1
CCD with the UVRAG CCD up-regulates autophagy (15, 72—74), BECN1 CCD interaction
with CCDs of either TAB2 or TAB3 down-regulates autophagy (75, 76). The ATG14 CCD
also binds to the SNARE core domain of STX17, thereby stabilizing the STX17:SNAP29
binary t-SNARE complex on autophagosomes and facilitating subsequent fusion of the
autophagosome and lysosome upon association of the t-SNARE and v-SNARE VAMPS (34,
77). ATG14 binds to either STX17 or the STX17-SNAP29 binary t-SNARE ternary
membrane fusion complex, but not to the STX17:SNAP29:VAMP8 complex. Further, the
BECN1:ATG14 CCD and ATG14:STX17 CCD heterodimers are mutually exclusive,
indicating that ATG14 plays a role in autophagy, independent of BECNL1. The
STX17:SNAP29:VVAMPS crystal structure (34) has a radius of curvature of 16 nm,
comparable to the 15 nm radius of curvature for the BECN1:ATG14 complex. The relative
curvature of these different CCDs dimers likely also affects their competitive association and
function in the cell.
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In summary, our studies of the BECN1 homodimer and BECN1:ATG14 heterodimer provide
important structural and biochemical insights into the potential architecture, mechanism and
dynamics of Complex I. We show that the BECN1:ATG14 interaction is critical for the
eukaryotic cellular response to stressors such as starvation, and elucidate key structural
details of this interaction. This study provides clues to the structural details of the
mechanism of competitive formation of BECN1 homodimers, BECN1:ATG14 heterodimers,
and perhaps BECN1:UVRAG heterodimers, in cells. It also provides clues to the
conformational changes within proteins, especially in ATG14, as well as to how different
BECNZ1 CCD interactions may affect formation and structure of different quaternary
complexes that function in different stages of vesicle trafficking. Substantial additional
studies will be required to elucidate details of the mechanisms by which these complexes up-
regulate PI13P synthesis and influence membrane association and curvature, and how these
functions are themselves regulated by additional diverse interactions. Such extensive
structural, thermodynamic and cellular studies of these diverse BECN1 and ATG14
interactions are required in order to fully understand how these interactions complement and
compete with each other to mediate and differentially modulate cellular autophagy levels.
The information regarding the BECN1:ATG14 interaction presented here provides important
insights that can be used to design future studies to ultimately elucidate the mechanism of
membrane association and PI3KC3 activation. A detailed understanding of BECN1
interactions with cellular and viral BCL2 proteins recently enabled development of a potent,
yet very specific, cell penetrating peptide, designed to disrupt viral BCL2-BECN1
interactions, and induce autophagy in cultured cells, without affecting normal regulation of
BECN1-mediated by cellular BCL2 proteins (78). Therefore, we expect that given the
importance of autophagy to human health, elucidating a detailed structure-based
understanding of the various protein interactions that modulate cellular autophagy levels will
greatly facilitate the future development of new therapeutics.
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ABBREVIATIONS

ATG autophagy-related protein
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VPS Vacuolar protein sorting

Beclin 1 Coiled-coil myosin-like BCL-2 interacting protein also called BECN1,
VPS30 or ATG6

ATG14 autophagy related protein 14, also called BARKOR
BARKOR BECN1-associated autophagy-related key regulator
PI3KC3 class 111 phosphotidylinositol-3-kinase

PI3P phosphatidylinositol 3-phosphate

UVRAG UV radiation resistance associated gene protein
CCD coiled-coil domain

BARAD B-a repeat autophagy domain

LC3 Light Chain 3

SEC size exclusion chromatography
SAXS small-angle X-ray scattering
CD circular dichroism spectroscopy
ColP co-immunoprecipitation

IPTG isopropy! thio-p-D-galactoside
TEV tobacco etch virus

SDS-PAGE sodium dodecyl sulfate polyacrylamide gel electrophoresis

MBP maltose binding protein

RMSD root-mean-square deviation

Rg radius of gyration

P(r) pairwise probability distribution function
Dmax maximum particle distribution

WT wild-type
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Rat
V205

Figure 1.
The crystal structure of the BECN1 CCD homodimer. The human BECN1 CCD homodimer

and the rat BECN1 CCD (PDB ID: 3Q8T) are superimposed and displayed in magenta and
marine ribbon respectively. The three residues that are different between the human and rat
CCDs are rendered in stick with atoms color-coded by atom type: C, magenta (human) or
marine (rat); O, red; N, blue and S, yellow. The length of the homodimer is indicated. This
and all other molecular figures were prepared using the program PyMOL (79).
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Figure 2.
Comparison of the electrostatic potential surface of different BECN1/VPS30 CCD-

containing dimers. The molecules are displayed in superimposable orientations and the
length of each dimer is indicated. (A) BECN1 CCD homodimer (B) BECN1:ATG14 CCD
heterodimer model (C) VPS30:VVPS38 CCD heterodimer (PDB ID: 5DFZ).
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Figure 3.

Cgmparison of the interface interactions among different BECN1/VPS30 CCD-containing
dimers. Residues are shown in stick and color-coded by atom-type: O, red; N, blue; S,
yellow; and C, magenta (BECN1 / VPS30), wheat (ATG14), and green (VVPS38). (B)
BECN1 CCD homodimer. Thirteen interaction pairs are shown, as the remaining thirteen are
related by two-fold molecular and crystallographic symmetry. (B) BECN1:ATG14 CCD
heterodimer. (C) VPS30:VVPS38 CCD heterodimer (PDB ID: 5DFZ).

Biochemistry. Author manuscript; available in PMC 2016 November 19.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Mei et al.
(A) (B) (C)
12 1 ) 0.012 - 0.014
10 1 =18 0.01 - 0.012
S 18516 0.008 o O
—6 1 = Z0.008
G 1.4 =0.006 - T
4 - 0508111417 =0.006
2 - q?x10-3(A2) 0.004 - 0.004
0 - Das 0.002 0.002
1(0)=8.37
_2 T T T 1 0 T T T T 0
0 01 02 03 04 0 35 70 105 140
q(A) r(A)
Figure 4.

SAXS analysis of BECN1:ATG14 CCD complex. (A) Guinier plot; (B) P(r) pairwise

distribution; (C) Kratky plot
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Figure 5.
The BECN1:ATG14 heterodimer model agrees well with the experimental SAXS data. Fits

of experimental SAXS data recorded from the BECN1:ATG14 CCD heterodimer to (A) the
BECN1:ATG14 CCD heterodimer and (B) BECN1 CCD homodimer. The left panels show
fits of the experimental scattering curve (red) measured from the BECN1:ATG14 CCD
heterodimer and the theoretical scattering curve (green) calculated from the two different
atomic models. The right panels show the fit of these two atomic models into the molecular
envelope calculated from the SAXS data. The Dyax Obtained from the P(r) function is
indicated.
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Figure 6.

Ef%ect of single alanine mutagenesis of conserved BECNL1 interface residues. (A) Impact on
ATG14 binding as assessed by ColP of HA-ATG14 and WT or single mutant Flag-BECNL1.
IP with anti-HA and western blot with anti-Flag(top); Western blot with anti-HA (middle);
Western blot of lysate using anti-Flag (bottom). (B) Representative images of GFP-LC3
staining in cells grown in growth media (top) and starvation media (bottom), transfected
with WT ATG14 and WT or mutant BECNL1 as indicated. (C) Bars represent fluorescent
microscopy quantification of discrete GFP-LC3 labeled autophagic puncta per cell in GFP-
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positive MCF7 cells co-transfected with GFP-LC3, WT ATG14, and WT or single mutant
BECNL1 as indicated below the x-axis.
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Figure 7.
Impact of alanine mutagenesis of conserved ATG14 interface residues. (A) Impact on

BECNL1 binding as assessed by ColP of Flag-BECN1 and WT and single mutant HA-
ATG14. IP with anti-flag and western blot with anti-HA (top); Western blot with anti-Flag
(middle); Western blot of lysate using anti-HA (bottom). (B) ColP of Flag-BECN1 and WT
or single mutant HA-ATG14. IP with anti-flag and western blot with anti-HA (top). (B)
Representative images of GFP-LC3 staining in cells grown in growth media (top) and
starvation media (bottom), transfected with WT BECN1 and WT or mutant ATG14 as

Biochemistry. Author manuscript; available in PMC 2016 November 19.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Mei et al.

Page 34

indicated. (C) Bars represent fluorescent microscopy quantification of discrete GFP-LC3
autophagic puncta per cell in GFP-positive COS7 cells co-transfected with GFP-LC3, WT
BECNL1, and WT or mutant ATG14 as indicated below the x-axis.
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Table 1

X-ray diffraction data collection and refinement statistics?

Data collection

Wavelength (A) 0.97921
Data range (A) 40.15-1.46
Space group Cc2
Unit Cell a=58.20 A,
b=71.58 A,
c=58.45 A,
p=112.55°
Unique reflections 38596 (3766)
Avg. multiplicity 75(7.1)
Mosaicity 0.21
Completeness (%) 99.70 (97.97)
CCyp 0.98 (0.86)
Rineas 0.11 (0.70)
liol 15.91 (2.99)
Refinement
Model:
Chain A (number of residues) 93
Chain B (number of residues) 93
Wiater molecules 255
Data Range (A) 40.15-1.46
ZRwork (%) 17.2
23R ree (%) 20.8
Average B-values (A9):
Main Chain 22.8
Side Chain 376
Water 43.0
All Atoms 323
RMSDs from target values:
Bond Lengths (A) 0.007
Bond Angles (°) 0.71
Ramachandran outliers 0

Values in parentheses pertain to the highest resolution shell.

1
Rmeas = Zhkl (Vn-1)1/2 Th j Ikl i-<IhKkI>//ZhKIZh,ilhK] i

2
R factor= Zh, |[Fobs=|Fcalcl/Zh|Fobsl-

3 .
Test set for Rfree consisted of 5.0 % of data.
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