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ABSTRACT

Turning Autophagy On and Off through the Class Ill PI-3 Kinase
By
Lindsey N. Young

Doctor of Philosophy in Molecular and Cellular Biology
University of California, Berkeley

Professor James H. Hurley, Chair

Autophagy (self-eating) is an essential process for cellular self-renewal.
The class Ill phosphatidylinositol 3-kinase complex | (PI3KC3-C1) is central to
autophagy initiation. The V-shaped architecture of the four-subunit version of
PI3KC3-C1 consists of VPS34, VPS15, BECN1, and ATG14. Chapter 2 shows
that a putative fifth subunit, NRBF2, is a tightly-bound component of the complex
that profoundly affects its activity and architecture. NRBF2 enhances the lipid
kinase activity of the catalytic subunit, VPS34. We used hydrogen-deuterium
exchange coupled to mass spectrometry (HDX-MS) and negative stain electron
microscopy to map NRBF2 to the base of the V-shaped complex. NRBF2
interacts primarily with the N-termini of ATG14 and BECN1 and activates VPS34
through its N-terminal MIT domain.

The ability of NRBF2 to activate the lipid kinase of VPS34 via an allosteric
mechanism had not been determined. Chapter 3 shows precisely where the MIT
domain of NRBF2 binds to PIBKC3-C1, that one copy of the MIT domain is
insufficient for activation, and that full activation requires a second copy of the
MIT domain. Dimeric NRBF2 cinches around the conformational flexible catalytic
arm of the complex and stabilizes the lipid kinase domain of VPS34 and the
putative kinase domain of VPS15.

Membrane targeting of the BECN1-containing class Il Pl 3-kinase
(PIBKC3) complexes is pivotal to the regulation of autophagy. Chapter 4
describes how a cryptic membrane binding site within BECN1 was identified.
First, the interaction of PI3KC3 complex Il and its ubiquitously expressed
inhibitor, Rubicon, was mapped to the first B sheet of the BECN1 BARA domain
by hydrogen-deuterium exchange and cryo-EM. The interaction determinants
were confirmed in cell-based assays of PI3KC3 activity and autophagy. These
data suggested that BARA (3 sheet-1 unfolds to directly engage the membrane.
This mechanism was confirmed using protein engineering, giant unilamellar
vesicle assays, and molecular simulations. Using this mechanism, a BECN1 3
sheet-1-derived peptide activates both PI3BKC3 complexes | and Il, while HIV-1
Nef inhibits complex Il. These data reveal how BECN1 switches on and off
PI3KC3 binding to membranes. The observations explain how PI3KC3 inhibition
by Rubicon, activation by autophagy-inducing BECN1 peptides, and inhibition by
HIV-1 Nef, are mediated by the switchable ability of the BECN1 BARA domain to
partially unfold and insert into membrane.
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Chapter 1

Mechanisms of Autophagy Initiation

These contents here were published in a review article by Hurley, J. H. and
Young, L. N. (2017) Mechanisms of autophagy initiation, Annual Review of
Biochemistry. doi: 10.1146/annurev-biochem-061516-044820.



1 Mechanisms of Autophagy Initiation

1.1 Summary

Autophagy is the process of cellular self-eating by a double-membrane organelle,
the autophagosome. A range of signaling processes converge on two protein
complexes to initiate autophagy: the ULK1 protein kinase complex and the
PI3KC3-C1 lipid kinase complex. Some 90% of the mass of these large protein
complexes consists on non-catalytic domains and subunits, and the ULK1
complex has been shown to have essential non-catalytic activities. Structural
studies of these complexes have shed increasing light on the regulation of their
catalytic and non-catalytic activities in autophagy initiation. The autophagosome
is thought to nucleate from vesicles containing the integral membrane protein
Atg9, COPII vesicles, and possibly other sources. In the wake of reconstitution
and superresolution imaging studies, we are beginning to understand how the
ULK1 and PIBKC3-C1 complexes might coordinate the nucleation and fusion of
Atg9 and COPII vesicles at the start of autophagosome biogenesis.

1.2 Introduction

Macroautophagy (hereafter “autophagy”) is the main mechanism used by
eukaryotic cells to degrade cargoes that are larger than individual proteins. It is
also the main mechanism for eukaryotic cells to replenish pools of biosynthetic
precursors and energy sources by recycling cytosolic contents during starvation.
Both the process of autophagy and its machinery is conserved from yeasts (S.
cerevisiae and S. pombe) to mammals (Bento et al. 2016). Autophagy can be
either selective or non-selective (“bulk”). Selective autophagy removes and
recycles harmful or simply unneeded materials from the cell. These include
protein aggregates, damaged mitochondria, unneeded peroxisomes, excess
ribosomes, ER and endosomes, lipid droplets, and intracellular pathogens (Shaid
et al. 2013; Zaffagnini and Martens 2016). Failure to control the accumulation of
any of these types of materials can lead to disease in humans.

Bulk autophagy is triggered by starvation, and is critical for maintaining a
cellular supply of lipids, amino acids, carbohydrates, and nucleotides. Selective
and bulk autophagy are triggered by different signals. Yet, these diverse signals
are thought to funnel into a single pathway that initiates the mechanical events
and membrane remodeling needed to create the autophagosome. This review
will focus on the conserved and common events that initiate both selective and
bulk autophagy. Far more is known about bulk autophagy initiation. The review
will focus on data from bulk autophagy research, with the understanding that
most of the findings probably apply to selective autophagy.

Autophagy is initiated in yeast at a punctate structure called the
Phagophore Assembly Site (K. Suzuki et al. 2001) (PAS, also sometimes called
the pre-autophagosomal structure. In mammals, initiation is associated with an
endoplasmic reticulum (ER) subdomain enriched for the lipid phosphatidylinositol
3-phosphate (PI(3)P), known as the omegasome. From its inception at the PAS
or omegasome (Axe et al. 2008), the phagophore elongates into a cup-shaped
structure and begins to engulf cellular material. The membrane supply for



phagophore growth can apparently be sourced to a variety of cellular reservoirs
(Klionsky 2007). In selective autophagy, the cargo itself templates the size and
shape of the phagophore (Zaffagnini and Martens 2016; Sawa-Makarska et al.
2014; Wurzer et al. 2015). In bulk autophagy, it is less clear how this occurs, but
the actin cytoskeleton is involved (Mi et al. 2015). Finally, the cup closes upon
itself. The narrow gap at the tip of the cup fuses, leading to the complete
sequestration of the material inside. The outer membrane of the autophagosome
then fuses with the lysosome (vacuole in yeast or plants) to form a structure
known as the autolysosome. At this stage, the inner membrane and all of its
contents are degraded. This review will focus on the earliest steps in the process:
the formation of the PAS, and the initial nucleation of the phagophore at the PAS.

(A) Autophagy induction (B) Phagophore growth
Selective autophagy ULKT
. &
O bacteria p62 filaments
@ misfolded proteins @ PI3KC3 c1
@ entire organelles o LC3
(e.g. mitochondria) @ ‘ ATG2
Energy/Nutrient Status
@747 inactive mTORC
" active AMPK
‘ omegasome
(C) Autophagosome closure (D) Contact and fusion with E) Degradation of contents
lysosome
@vpsmscm ' HOPS

@ autolysosome
&0 @ ' [ 4 ¢
)
. @ > '
°® ®o i
0 ‘ ) :'.

Figure 1.1 Autophagy initiation

(A) Autophagy induction begins at subdomains of the ER, either ER-exit sites or the ERGIC. (B)
The Pre-Autophagosome Structure (PAS) grows out of the omegasome, forming the double-
membrane phagophore. Elongation takes place at the tips of the phagophore where PI(3)P is
generated by PI3BKC3-C1. (C) Autophagosome closure requires the ESCRTSs. (D) The HOPS
complex facilitates lysosome fusion. (E) The resulting autolysosome degrades the internal
contents.

The conserved machinery for autophagosome formation (Mizushima and
Komatsu 2011; H. Suzuki et al. 2017; James H. Hurley and Schulman 2014)
contains two major initiation complexes that are a central focus of this review: the
ULK1 complex (known as the Atg1 complex in yeast) and the class Ill Pl 3-kinase
complex | (PISBKC3-C1) (Table 1). The sole conserved transmembrane protein in
the core machinery, Atg9, is also closely connected to initiation. The PI3P
binding WIPI 1-4 proteins and the Atg8-family and Atg12 conjugation systems



(Atg3, Atg4, Atgb, Atg7, Atg10, Atg12, Atg16, LC3s, and GABARAPs; Table 1)
function downstream and drive phagophore elongation. Conjugation of Atg8/LC3
family proteins to phosphatidylethanolamine, known as “LC3 lipidation” for short,
is the hallmark downstream reaction driven by these proteins. These Atg proteins
were discovered for their roles in autophagy and are primarily dedicated to this
function, although “moonlighting” roles in non-autophagic functions have been
reported (Joo et al. 2016). Multipurpose membrane trafficking factors also have
essential roles in the pathway. In many cases, these roles are also conserved

from yeast to humans. These factors include the coat complexes COPI and
COPII, the vesicle- and organelle-identifying RAB GTPases, and SNARE
proteins of vesicle fusion (Nair et al. 2011). In selective autophagy, a variety of
adaptor proteins link cargoes to the autophagy machinery, including p62,
Optineurin (OPTN), and NPD52 (Shaid et al. 2013; Zaffagnini and Martens

2016).
Autophagy complex Mammals Function Yeast Function Protein interactors
ULK1/Atgl ULK1 S/T kinase Atgl S/T kinase Atgl13/ATG13
complex ATGI3 Regulatory subunit Atgl3 Regulatory subunit Igt()()]jiyi‘\(;l(;)lllllill binds
- - - Atg9/
FIP200 Scaffold Aft\ét{llr;,l Scaffold .—\tgk]/ULKI has
2 Atg8/LC3 interacting
ATG101 Regulatory uu:tif(AL\l/LIR) N
Atg29 Budding yeast specific Atgl is recruited by
Atg3l Budding yeast specific Ytpl (TRAPPIII)
Class IIT PI3-kinase VPS§34 PI kinase Vps34 PI kinase BECNI interacts with
complex I VPSI15 Scaffold Vpsl$ Scaffold BH3 domain—
BECNI Regulatory subunit Atg6/Vps30| Regulatory subunit containing proteins,
ATGI14L | PAS targeting Atgl4 PAS targeting AMBRAL
NRBF2 Activator Atg38 Activator
ATGY ATGY Transmembrane Atg9 Transmembrane protein | Yeast Atgl3 binds Atg9
protein localizes to localizes to small
small vesicles vesicles
Rabl Rabl Rab GTPase Yptl Rab GTPase Yptl recruits Atgl
TRAPPIII TRAPPCS | PAS targeting Trs85 PAS targeting TRAPPIII complexes
bind COPII vesicles
(Sec 23)
UBL-like molecules LC3A-D, | Autophagosome Atg8 Autophagosome marker | Atgl/ULKI, selective
GABARABs marker autophagy adaptors

Table 1 Autophagy genes associated with autophagosome initiation (from
J.H. Hurley & Young, 2017)

1.3 The ULK1 Complex
Autophagy initiation starts with the activation of the ULK1 complex (Atg1 complex
in yeast) (Lin and Hurley 2016; Papinski and Kraft 2016). ULK1 is part of a family
of kinases ULK1-4 in humans. Isoform ULK1 is the most important of these in
autophagy. In some cells lines it is necessary to block both ULK1 and ULK2 to
completely shut down autophagy, however ULK2 is less characterized and will
not be discussed further. The ULK1 complex consists of ULK1 itself, and the
non-catalytic subunits FIP200, Atg13, and Atg101 (Ganley et al. 2009; Hosokawa
et al. 2008; Jung et al. 2008) (Figure 1.2). FIP200 is a large predicted coiled coll



protein involved in scaffolding. Atg13 and Atg101 contain HORMA
(Hop/Rev7/Mad?2) (Jao et al. 2013) domains which heterodimerize with each
another (H. Suzuki et al. 2015; Michel et al. 2015; Qi et al. 2015). Atg13 contains
a long IDR (intrinsically disordered region) following the HORMA domain, and the
C-terminal part of its IDR contains motifs that bind to the C-terminal EAT/AMIT
domain of ULK1 (Fujioka et al. 2014). The budding yeasts have a uniquely
complicated version of the ULK1 complex, known as the Atg1 complex. Atg1
contains the active kinase domain. Atg13 is conserved, but Atg101 is absent
from budding yeasts. FIP200 is replaced by two scaffolding subunits: Atg11,
which functions in selective autophagy (Yorimitsu and Klionsky 2005), and Atg17,
which functions in bulk autophagy. Atg17 in turn co-assembles with two smaller
subunits, Atg29 and Atg31 (Kabeya et al. 2004; Kirisako et al. 2000) (Figure 1.2).

budding yeast o higher eukaryotes
g

Atg9 ATGO

ULK1

ATG@% FIP200
ATG13

Figure 1.2 Model of the autophagy initiation complex in yeast and mammals
Small vesicles containing Atg9 interact with the autophagy initiation complex- the
Serine/Threonine kinase Atg1, the HORMA domain containing Atg13, the S-shaped Atg17, bound
to the yeast specific proteins Atg29, Atg31. Based on yeast observations, it is proposed that small
vesicles containing ATG9 interact with the autophagy initiation complex- the Serine/Threonine
kinase ULK1, the HORMA domain containing ATG13 forms a heterodimer with the HORMA
domain of ATG101, FIP200 is modeled on Atg17. However, the yeast interaction site in Atg9 is
not conserved in humans.

The large scaffolding subunits Atg11 and FIP200, whose structures are
unknown, are similar to each other in size and predicted helical content. Their C-
terminal are homologous, suggesting a common function. Atg17 is smaller than
Atg11 and FIP200, and aside from a similar helical content, has little sequence
similarity with Atg11 and FIP200. It is often stated in the literature that Atg17 and
FIP200 are orthologs. It is important to bear in mind that this inference, while
reasonable, is based on functional parallelism, not detailed sequence or
structural similarity.



1.4 ULK1 kinase activation and inactivation

ULK1 is activated in at least three ways upon autophagy induction, and all
three are essential. Protein kinase activity needs to be switched on, the active
kinase needs to be recruited to the PAS, and essential — though still vaguely
defined— non-catalytic scaffolding activities must be turned on.
Autophosphorylation of the kinase domain’s activation loop at Thr180 of ULK1
(Bach et al. 2011; Lazarus, Novotny, and Shokat 2015). Thr226 in yeast Atg1; is
essential for activation. Autophosphorylation is promoted by conditions that
induce autophagy and by co-assembly with other subunits of the complex
(Kamber, Shoemaker, & Denic, 2015; Yamamoto et al., 2016; Yeh, Wrasman, &
Herman, 2010). This co-assembly in turn increases the local concentration of
Atg1 molecules and promotes their mutual autophosphorylation. This can occur
both in selective autophagy under nutrient-rich conditions (Kamber, Shoemaker,
and Denic 2015) and in starvation (Yamamoto et al., 2016). Following activation,
ULK1 (and PI3KC3-C1) can be ubiquitinated by the Cul3-KLHL20 ligase complex
and degraded (Liu et al. 2016), thereby switching off the autophagy initiating
signal.

How does starvation trigger Thr180 phosphorylation of ULK1?
Autophosphorylation is usually promoted by the dimerization or higher-order
oligomerization of kinases. The C-terminal EAT domain of yeast ULK1 dimerizes
in isolation (Yamamoto et al. 2016; Ragusa, Stanley, and Hurley 2012;
Stjepanovic et al. 2014), however, full-length ULK1 is reportedly a monomer in
the absence of other subunits (Rao et al. 2015). It is currently not clear whether
ULK1 undergoes regulated dimerization via its EAT domain under some
conditions. ULK1 is bridged by Atg13 to the scaffolding subunit FIP200 (Ganley
et al. 2009; Hosokawa et al. 2008; Jung et al. 2008). In yeast, Atg13 bridges to
Atg11 (Ohsumi 2000) and Atg17 (Cheong et al. 2005) in yeast. While the
oligomeric state of FIP200 and Atg11 is unknown, Atg17 is a constitutive dimer
(Ragusa, Stanley, and Hurley 2012). The recruitment of ULK1 to FIP200 via the
intermediation of Atg13 could in principle be a mechanism for ULK1 trans-
autophosphorylation.

Whether and how starvation regulates formation of the ULK1 complex has
been intensively investigated, yet consensus has been elusive. mMTORC1 is a
master regulator of cell growth and metabolism, and its inactivation in response
to amino acid depletion is a major trigger for autophagy (Bar-Peled and Sabatini
2014). In the canonical model of the process, Atg13 is phosphorylated by
mTORC1 under non-starved conditions (Kamada et al. 2010). The extensive
phosphorylation sites inhibit the assembly of Atg13 with both ULK1 and Atg17 by
introducing steric and electrostatic repulsion into the binding sites on ULK1 and
Atg17 (Fujioka et al. 2014). On the other hand, it has also been reported that the
ULK1 complex is assembled constitutively in both nutrient-rich and starved
conditions (Kraft et al. 2012). Of 51 reported phosphorylation sites within Atg13,
six fall within the crystallographically defined ULK1-binding site. Mutation of all of
these sites from Ser to the phosphomimetic Asp only reduces ULK1 binding by a
factor of three (Fujioka et al. 2014). The effect of Atg13 phosphorylation on Atg17
binding may be larger. Two of the 51 reported phosphorylation sites occur in the



Atg17 binding site of Atg13. Although not quantitated, phosphomimetic mutations
in these two residues substantially disrupt binding (Fujioka et al. 2014).
Phosphoregulation at the level of the Atg17-Atg13 interaction thus seems to lead
to bigger affinity changes than for the Atg1-Atg13 interaction. FIP200 and Atg11
are less tractable biochemically than Atg17, and little is known at the quantitative
and structural level about how ULK1 association with these scaffolds is
regulated. It is often stated that ULK1 is assembled constitutively in mammalian
cells (Ganley et al. 2009; Hosokawa et al. 2008; Jung et al. 2008), yet on the
other hand, the mammalian Atg13-Atg101 subcomplex appears to have
autophagic functions that are independent of the ULK1 complex (Heike et al.
2015).

Other regulatory mechanisms function in parallel to, or even antagonize
mTORC1 regulation (Figure 1.3). AMPK (AMP-activated protein kinase)
upregulates autophagy in response to energy depletion as detected by an
increase in cytosolic AMP. AMPK directly phosphorylates ULK1 at multiple sites
in its central IDR, leading to its activation (Egan et al. 2015; J. Kim et al. 2011;
Shang et al. 2011; Mack et al. 2012). The details of how these IDR
phosphorylation sites communicate with the catalytic domain remain to be
elucidated. In selective autophagy, ULK1 must be locally active even under fed
conditions when mTORCH1 is also active. Relatively little is known about how the
ULK1 complex is sheltered from inactivation under these conditions. Huntingtin,
the protein product of the gene mutated in Huntington’s disease, interacts with
ULK1 and has been proposed to have such an ULK1-shielding function (Rui et
al. 2015).



Figure 1.3 Phosphoregulation of core autophagy machinery

ULK1 is inhibited by mMTORC1. When mTORCH1 is inactivated, ULK1 becomes activated, thereby
leading to autophosphorylation within (1) ULK1, ATG13, ATG101 and FIP200. Multiple
phosphorylation sites occur within ATG13, one is shown for clarity (2) the phosphorylation of
ATG9, and (3) the phosphorylation of PI3KC3-C1- at the N-terminus of BECN1 and within the C2
domain of VPS34.

1.5 ULK1 recruitment to initiation sites

Recruitment of the ULK1 complex to sites of autophagy initiation is the second
regulated step in its activation. In bulk autophagy in yeast, PAS recruitment is
regulated at the level of Atg13 phosphorylation. Atg17, along with its accessory
proteins Atg29 and Atg31, is the first protein to arrive at the PAS is yeast (K.
Suzuki et al. 2007), which set the stage for the recruitment of Atg13 and Atg1 as
described above. The EAT domain of ULK1, the locus for Atg13 binding, is
essential for its recruitment to the PAS in human cells (Chan et al. 2008). This
suggests that the principles for recruitment are similar in this respect in yeast and
mammals. The concept that the mammalian ULK1 complex is constitutively
assembled, however, is hard to reconcile with a yeast-like mechanism.

A number of other protein-protein interactions influence ULK1 localization to
the PAS. The LC3 family proteins bind to LIR/AIM maotifs in both human and
yeast ULK1/Atg1 (Kraft et al. 2012; Alemu et al. 2012) and in human Atg13
(Alemu et al. 2012). LC3 conjugation is thought to occur downstream of ULK1
activation, however, and the LIR/AIM motifs seem likely to be involved in later
events in autophagosome biogenesis. The yeast Atg1 complex binds to Atg9
through a direct interaction between the HORMA domain of Atg13 and the N-
terminal soluble domain of Atg9 (S. W. Suzuki et al., 2015), and perhaps also



through Atg17 (Rao et al. 2015; Sekito et al. 2009). Yeast Rab1 (Ypt1) is a small
G-protein better known as a regulator of ER-Golgi and intra-Golgi traffic, binds to
Atg1 and helps recruit it to the PAS (J. Wang et al. 2013). Ypt1 is activated and
recruited to the PAS by the TRAPPIII complex, which binds to Atg9 (Kakuta et al.
2012) and Atg17 (J. Wang et al. 2013). TRAPIII is also implicated in mammalian
autophagy (Lamb et al. 2016). C9orf72 is mutated in the most common
hereditary forms of amyotrophic lateral sclerosis (ALS) and frontotemporal
dementia (FTD), and was recently shown to be important for the RAB1A
dependent recruitment of ULK1 to the PAS in human cells (Webster et al. 2016).
C9orf72 contains a DENN domain, and in many cases DENN domain proteins
act as RAB guanine nucleotide exchange factors (GEFs). Apparently the C9orf72
DENN binds to RAB1A but lacks GEF activity, making C9orf72 a RAB1A effector
rather than a RAB1A GEF. It has been proposed that impairment of ULK1
recruitment to the PAS in C9orf72 mutants is responsible for their disease
phenotype (Webster et al. 2016). Thus, a circuit involving ATG9, RAB1, and
TRAPPIII appears to be important for the recruitment of ULK1 to the PAS.

1.6 ULK1 substrates

The ULK1 kinase transduces pro-autophagic signals by phosphorylating many
substrate proteins (Papinski and Kraft 2016). The ULK1 consensus site is
characterized by a preference for hydrophobic residues surrounding the serine
phosphoacceptor (Papinski and Kraft 2016; Egan et al. 2015). This is not a rare
sequence, and the numerous substrates of ULK1 include itself and other
subunits of the ULK1 complex; other elements of the core autophagy machinery,
including PI3KC3-C1 subunits and Atg9; and other proteins whose connections
to autophagy are understood to varying extents (Papinski et al. 2014; Papinski
and Kraft 2016). Within the ULK1 complex, there are phosphorylation sites in
ATG101 and multiple sites in FIP200 and ATG13 (Egan et al. 2015). The
ATG101 phosphorylation sites, Ser11 and Ser203, are at the start of the ATG101
HORMA domain, and in a flexible region just past the end of the HORMA
domain, respectively.

The PIBKC3-C1 complex, another pivotal autophagy initiating complex, is
one of the most important and best understood targets of ULK1 phosphorylation.
ULK1 phosphorylates Ser15 and other sites in BECN1, activating the PI3KC3
complex and promoting autophagy (Egan et al. 2015; Russell et al. 2013). The
PI3KC3-C1 catalytic subunit VPS34 contains a major ULK1 phosphorylation site
at Ser249 (Egan et al. 2015). The consequences of these phosphorylations are
discussed further in the PISBKC3-C1 section. The massive PI3KC3-C1-associated
IDR protein AMBRA1 is another ULK1 substrate (Di Bartolomeo et al. 2010). In
yeast, Atg2 and Atg9 are important substrates for Atg1 (Papinski et al. 2014)
Atg9 phosphorylation is important for its recycling, although not for its initial
translocation to the PAS, as discussed below in the section on Atg9 vesicles.
ULK1 is critical for selective as well as bulk autophagy. It phosphorylates the
cargo adaptor protein p62, increasing the binding affinity of p62 for ubiquitin (Lim
et al. 2015). ULK1 also phosphorylates FUNDC1 to promote mitophagy (Wu et
al. 2014). Many of these phosphorylations, including those of ULK1 and PI3KC3-



C1 subunits, seem to be very important in autophagy initiation, while in other
cases such as Atg9, the effect is further downstream.

1.7 Non-catalytic functions of the ULK1 complex

ULK1 probably regulates autophagy induction at a third level, through its non-
catalytic activities. These are essential for autophagy initiation, at least in yeast
(Abeliovich et al. 2003). Some 90% of the mass of the ULK1 complex consists of
non-catalytic domains (Lin
and Hurley 2016). We will
enumerate some of the
non-catalytic functions
imputed to these
domains. The ULK1 EAT
domain dimerizes and is
capable of tethering high
curvature lipid vesicles in
vitro (Ragusa, Stanley,
and Hurley 2012), which ~ *¢°
could be relevant to
vesicle clustering at the
PAS. The dimeric Atg17
subunit of the yeast Atg1
complex has a double
crescent shape (Ragusa,
Stanley, and Hurley 2012)
that suggests it could not Figure 1.4 Meshwork model

just tether vesicles, but From research in yeast model systems, the Intrinsically
scaffold them rigidly into a Disordered Regions (IDRs) within Atg1 and Atg13 as well

ifi as the position of Atg13-Atg17 contacts lead a proposed
Z?:géfé?nggegl%e;g mation mechanism in which ATG proteins form a “meshwork.”

The combination of Atg1 and Atg17 dimers provides a mechanism for higher-
order assembly of daisy-chained or branched assemblies of Atg1 complexes at
the PAS (Kofinger et al. 2014). Moreover, the C-terminal intrinsically disordered
region (IDR) of Atg13 has at least two Atg17 binding sites, located such that they
must bridge different Atg17 dimers (Yamamoto et al. 2016). Taken together, the
dimerization data and the crosslinking ability of Atg13 suggests a meshwork
model for organization of the PAS (Figure 1.4)

Mammalian Atg13 and Atg101 form a heterodimeric subcomplex consisting
of the HORMA domains of the two proteins. Atg101 has a hydrophobic binding
site revealed by the crystal structures that has been dubbed the “WF finger” (S.
W. Suzuki et al. 2015a). The binding partner of the WF finger is not known,
however it is clear that the Atg13, Atg101 and FIP200 have functions in
autophagy that are fundamentally important and independent of the ULK1 (and
ULK2) kinases (Heike et al. 2015; Alers et al. 2011).
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1.8 The PI3BKC3-C1 Complex

The class Ill Phosphatidylinositol 3-kinase Complex (PI3KC3)
phosphorylates the lipid head group of phosphatiylinositol to generate
phosphatidylinositol 3-phosphate (PI(3)P) (Herman and Emr 1990). Formation of
PI(3)P is an essential early event in autophagy initiation, occurring just
downstream of ULK1 (Kihara et al. 2001). PI3KC3 forms at least two distinct
complexes, known as complexes—I| and Il (Itakura et al. 2008). Both complexes
contain the catalytic subunit VPS34, the putative protein kinase VPS15, and
BECN1. Complex | (PI3KC3-C1) contains ATG14 (ltakura et al. 2008), which
directs the complex to the PAS. PISKC3-C1 facilitates elongation while complex
Il containing UVRAG directs endosome and autophagosome maturation
(Jonathan M Backer 2008).

Class Ill PI3-Kinase Complex 1 Class Il PI3-Kinase Complex 2
Early Autophagy Late Autophagy
VPS15 VPS15

UVRAG

Figure 1.5 Architecture of Class lll PI3-Kinases

Known membrane binding sites are noted on the subunits of PI3KC3-C1 and -C2. VPS34 has a
C-terminal helix that embeds itself into a membrane and facilitates the phosphorylation of
phosphatidylinositol 3-phosphate from phosphatidylinositol. VPS15 has an N-terminal
myristoylation site. The BARA domain of BECN1 has a number of aromatic residues required for
membrane binding. ATG14 possesses a C-terminal amphipathetic helix. C2 domains are noted
for their membrane binding abilities, the C2 of VPS34 is instead a site of multiple protein-protein
interactions. Whether the C2 of UVRAG plays a structural role or if binds membrane remains to
be determined.

For many years, progress in understanding the structure of PI3KC3-C1 was
gradual and fragmentary. Structures of the VPS34 catalytic and associated
helical domain (Miller et al. 2010), the central coiled coil (Huang et al. 2012), and
C-terminal BARA domain (N. N. Noda et al. 2012; Huang et al. 2012) of
Vps30/BECN1, and the WD40 domain of Vps15 (Heenan et al. 2009) were all
solved separately. More recently, the structure of the complete human complex |
was solved by electron microscopy (Baskaran et al. 2014), revealing a V-shaped
architecture. The x-ray crystal structure of yeast complex |l showed a conserved
architecture and domain placement (Rostislavleva et al. 2015) and added new
information, including the presence of a BARA-like domain in Vps38 (yeast
UVRAG). The left hand side of the complex (as seen in the canonical view,
Figure 1.5) includes the central coiled coils and C-terminal domains of BECN1
and ATG14. The N-termini of BECN1 and ATG14 are at the base of the V. A
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number of regulatory signals, described below, converge on these sites. On the
right hand side is the catalytic subunit VPS34 and the protein kinase domain of
VPS15. VPS15 bridges the left and right arms of the complex. Its WD40 domain
is part of the left arm, and serves as a docking site for BECN1 and ATG14, while
its HEAT domain spans the two arms. Similar to the situation with the ULK1
complex, the catalytic domain of VPS34 comprises just ~10 % of the mass of the
PI3KC3-C1 complex. Its placement within the context of the rest of the much
larger V-shaped complex highlights the likely importance of the regulatory and
scaffolding roles of the non-catalytic ~90%.

1.9 PIBKC3-C1 recruitment to the PAS

The functioning of PI3KC3-C1 in autophagy requires its translocation to the PAS,
which is driven by its unique Atg14 subunit (Itakura et al. 2008). A cysteine-rich
domain near the N-terminus of Atg14 is essential for its starvation-induced
translocation to the PAS (Matsunaga et al. 2009). The structure of this domain is
unknown, as is its putative interaction partner at the PAS. A C-terminal
amphiphatic helix deemed the BATS domain (Barkor/ATG14L Autophagosome
Targeting Sequence) (Fan, Nassiri, and Zhong 2011), which is an example of the
larger class of amphipathic lipid packing sensor (ALPS) motifs (Drin et al. 2007),
is also important for targeting. This is thought to be due to its ability to bind high-
curvature lipids, although it is important to note that ALPS motifs can also bind
loosely packed low curvature membranes such as are found at the ER (Vanni et
al. 2013).

In addition to the complex I- and autophagy-specific PAS- and ER-targeting
motifs in Atg14, other regions of the PI3KC3 complexes have been implicated in
binding less specifically to membranes. The C-terminal BARA domain of BECNT1,
at the tip of the left arm, is proposed to insert into membranes via an aromatic
finger (Huang et al. 2012). An additional membrane binding site with the BECN1
BARA domain is within a beta-sheet that flips out to bind membranes via two
phenylalanines (Chang et al. 2019), see chapter 4. On the opposite side of the V-
shape is VPS34, whose final ka12 helix must bind membranes in order for lipid
phosphorylation to take place (Miller et al. 2010). On the other hand, although it
had been expected that the C2 domain of VPS34 would binds membranes, the
structure of complex Il suggests that the C2 domain is only involved in protein-
protein interactions. Finally, the N- myristoylation of VPS15 provides one more
membrane contact (Stack et al. 1993). The actual geometry of PI3KC3 docking
on membranes through the various known and putative anchoring motifs is still
unknown, and will be important to clarify.

1.10 PI3BKC3-C1 regulatory proteins

The kinase activity of PI3KC3-C1 is regulated through post-translational
modifications and a variety of protein-protein interactions. The cast of players
that interact with PI3KC3 complexes is extensive and leads to the suggestion
that the “two-complex” model is an oversimplification. PI3KC3-C1 associates
tightly with a fifth subunit, known as NRBF2 (Nuclear Receptor Binding Factor 2)
(Cao et al. 2014; Ma et al. 2017; Lu et al. 2014; Y. Zhong et al. 2014) in
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mammals and Atg38 (Araki et al. 2013) in yeast. NRBF2/Atg38 contain an N-
terminal three-helix bundle MIT (Microtubule-Interacting and Trafficking) domain
and a coiled-coil-containing domain at the C-terminus (Ohashi et al. 2016; L. N.
Young et al. 2016) that induces dimerization. NRBF2 binds to the base of
complex | through interactions with the N-terminus of ATG14L and BECN1,
enhances kinase activity in vitro and leads to the dimerization of human complex
I (L. N. Young et al. 2016; Ohashi et al. 2016). Although yeast Atg38 is dimeric
as well, it does not facilitate yeast PI3KC3-C1 dimerization (Ohashi et al. 2016).
Mammalian PIBKC3-C1 dimerization and kinase activation by NRBF2 seem to be
completely decoupled from one another (L. N. Young et al. 2016). Since kinase
dimerization is not required for its enzymatic activation, both the mechanism of
allosteric activation and the biological function of dimerization remain to be
clarified.

The anti-apoptotic factor Bcl-2 (B-Cell lymphoma 2) binds to the BH3 (Bcl-2
Homology domain) of BECN1 (Oberstein, Jeffrey, and Shi 2007), which places its
location in the complex close to, and perhaps even overlapping, with the NRBF2
binding site (L. N. Young et al. 2016). The affinity of Bcl-2 is fifty time lower than
that of NRBF2 (L. N. Young et al. 2016). Unlike NRBF2, Bcl-2 rapidly exchanges
on and off PISBKC3-C1 (L. N. Young et al. 2016). Bcl-2 binding to BECN1 inhibits
VPS34 kinase activity and antagonizes autophagy (Pattingre et al. 2005).
Because the binding site is remote from the lipid kinase domain, the mechanism
for this inhibition is unknown, but presumably must involve long-range allosteric
communication. Additionally, BECN1 is capable of binding with other anti-
apoptotic Bcl-2 family members (Bcl-XL, Bcl-w, Mcl-I) through its BH3 domain
(Oberstein, Jeffrey, and Shi 2007). Only ER-localized Bcl-2 is capable of
inhibiting autophagy, and mitochondrial Bcl-2 was not (Pattingre et al. 2005).

AMBRA1 (Autophagy And Beclin 1 Regulator 1) binds to PISBKC3 in cells
and promotes autophagy (Fimia et al. 2007). A full biochemical characterization
with recombinant proteins is still lacking, as the size of this IDR protein makes it
challenging to study. AMBRA1 is phosphorylated by ULK1 as described above,
which is proposed to activate PI3KC3-C1 by releasing it from microtubules (Di
Bartolomeo et al. 2010). The most recent addition to the family of PI3BKC3-C1
interactors is PAQRS3 (progestin and adipoQ receptor 3), a Golgi localized
multipass transmembrane protein that has been proposed to promote autophagy
by helping to assemble PISBKC3-C1 (Xu et al. 2016). The degree to which
PI3KC3-C1 assembly (as opposed to the better-studied topics of the acute
regulation of its enzyme activity and localization) is a regulated step has been
relatively little explored as yet.

1.11 PI3KC3-C1 phosphoregulation

BECN1 is phosphoregulated by at least five kinases: ULK1, MAPKAP2 (mitogen-
activated protein kinase-activated protein kinase 2), AMPK, and DAPK (death-
associated protein kinase) that promote autophagy activation while EGFR lead to
autophagy suppression. ULK1 activates PISKC3-C1 by phosphorylating BECN1
at Ser15 (Russell et al. 2013). Upon stress, the kinases MAPKAPK2/3
phosphorylate BECN1 at Ser90, leading to autophagy activation (Wei et al.
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2015). Upon glucose starvation, AMPK enhances autophagy by phosphorylating
BECN1 at Ser90 and Ser94 Kim 2013. Ser90 phosphorylation is reversed by
protein phosphatase 2A (PP2A) (Fujiwara et al. 2016), which is upregulated by
starvation (Wong et al. 2015). Ser15, Ser90, and Ser94 are all located in the
flexible N-terminal portion of BENC1, and it is still unknown how these signals
are communicated to the catalytic domain.

DAPK phosphorylates BECN1 at Thr119, which is located within the BH3
domain, and thereby inhibits binding of Bcl-2 and Bcl-X-L (Zalckvar et al. 2009).
AMPK, which is generally pro-autophagic, seems to selectively suppresses the
activity of the non-autophagic PI3KC3 complex by phosphorylating Thr163 and
Ser165 in VPS34 (J. Kim et al. 2013). EGFR suppresses autophagy through
phosphorylation of BECN1 at Tyr229, Tyr233, Tyr352 (Wei et al. 2013), which
might, in principle, regulate assembly of the coiled-coil complex. Additionally,
autophagy suppression can occur through phosphorylation at the C-terminus of
ATG14L by mTORC1 (mechanistic Target Of Rapamycin Complex 1) at positions
Ser223, Ser233, Ser383, and Ser440 (Yuan et al. 2013). Phosphatases that
remove these signals have not been reported, however it has been reported that
the Cul3-KLHL20 ligase complex promotes the ubiquitination of BECN1 and
VPS34, thereby targeting PI3KC3-C1 for degradation (Liu et al. 2016). It is still
difficult to rationalize many of these effects at the structural level. This will require
obtaining structures at higher resolution and comparison of phosphorylated and
dephosphorylated states at the structural level.

1.12 Role of vesicles in autophagy initiation

In yeast, a growing body of evidence suggests that the autophagosome is
nucleated by the coalescence of Atg9 and COPII vesicles (Mari et al. 2010). In
yeast, Atg9 vesicles are derived from the trans-Golgi network (TGN) (Mari et al.
2010), while COPII vesicles emerge from ER exit sites (ERES) (Brandizzi and
Barlowe 2013). Both Atg9 and COPII vesicles seem to have central roles in
autophagy initiation in mammals, as well. In mammals, the phagophore begins at
a tubular outgrowth Hayashi-Nishino 2009 of the PI(3)P-positive domain of the
ER known as the omegasome (Axe et al. 2008). The relationship between the
tubular outgrowth and the pool of COPII vesicles is still unclear. Here we focus
on recent advances in understanding the roles of the vesicles themselves in
initiating autophagy.
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Figure 1.6 Role of COPIl and ATG9 vesicles in autophagy initiation at the
omegosome

1.13 Atg9 vesicles

Atg9 is the only integral membrane protein that is essential for autophagy (Lang
et al. 2000; T. Noda et al. 2000). This large protein (997 residues in yeast)
contains six predicted transmembrane helices spread through its central region,
and has large cytosolic IDRs in its N- and C-terminal regions. Atg9 self-
associates within membranes into a higher-order assembly (He et al. 2008). Atg9
is incorporated in small vesicles- diameter of 30-40 nm (Mari et al. 2010) or 30-
60 nm (Yamamoto et al. 2012b). While other Atg proteins are often diffusely
distributed in the cytosol under fed conditions, as a membrane protein, Atg9
vesicles must reside in a vesicular reservoir (Puri et al. 2014). Atg9 vesicles are
generated and transported from the Golgi (Fulvio Reggiori et al. 2004; A. R. J.
Young et al. 2006). In yeast, the process depends on Atg23 and Atg27 (Fulvio
Reggiori et al. 2004) and the Rab/RabGEF pair Sec4 and Sec2 (Geng et al.
2010). In nutrient rich conditions, Atg9 localizes to the trans-Golgi network and
early and late post-Golgi endosomes (Shirahama-Noda et al. 2013).

In starvation, Atg9 vesicles are mobilized to the PAS by TRAPPIII (Lamb et
al. 2016; Shirahama-Noda et al. 2013; Yamamoto et al. 2012) and, in yeast
(Suzuki et al. 2015) but not mammals Itaka 2015, by the ULK1 complex.
Specifically, the yeast Atg13 HORMA domain binds to the N-terminus of Atg9,
which is poorly conserved in mammals. In one estimate, three Atg9 vesicles
containing ~27 molecules of Atg9 each assemble at the yeast PAS (Yamamoto
et al. 2012). In yeast, Atg9 is important for recruiting Atg2 (Shintani et al. 2002;
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C. W. Wang et al. 2001) and facilitates the recruitment of PI3KC3-C1 (Suzuki et
al. 2015) to the PAS. The amount of Atg9 expressed in cells appears to control
the frequency of autophagosome formation (Jin and Klionsky 2014).
Phosphorylation of the N-terminal domain of Atg9 by an unknown kinase
upregulates the recruitment of Atg9 to the PAS and its ability to initiate autophagy
(Feng et al. 2016). Clearly, the bulk lipid contributed by such a small number of
vesicles is a miniscule fraction of what is needed to generate an autophagosome.
Consistent with this idea, mammalian ATG9A is not a bulk component of
autophagosomes (Orsi et al. 2012), but rather seems to recycle out of the
phagophore prior to closure. Thus, the importance of Atg9 seems to more as an
organizing center for the initial nucleation of the phagophore.

1.14 COPIl vesicles in autophagy

The COPII coat consists of the Sar1 GTPase, the inner membrane- and cargo-
binding Sec23 and Sec24 subunits, and the outer cage-forming Sec13 and
Sec31 subunits (Faini et al. 2013). COPII vesicles have a long-established role,
unrelated to autophagy, as the initial carriers of secretory cargo out of the ER
(Brandizzi and Barlowe 2013). COPII was first implicated in autophagosome
biogenesis when mutants in Sec23 and Sec24 and in the COPII associated
ERES proteins Sec12 and Sec16 were shown to be defective in autophagy
(Ishihara et al. 2001). COPII was subsequently found to be physically connected
to other core elements of autophagy initiation in yeast, including the Atg1 and
PI3K complexes (Graef et al. 2013). In yeast, the Rab1 ortholog Ypt1 activates
the casein kinase 1 (CK1) ortholog Hrr25 to phosphorylate Sec23, which is
required for COPII vesicle sorting to the PAS (J. Wang et al. 2015). COPII
vesicles are targeted for membrane fusion in autophagy by the ER SNARE
protein Ufe1, which is a Q(a) SNARE and a member of the syntaxin family
(Lemus et al. 2016). The COPII vesicle tethering TRAPPIII complex is implicated
in autophagy initiation in both yeast (Shirahama-Noda et al. 2013; Lynch-Day et
al. 2010; Tan et al. 2013) and mammals (Lamb et al. 2016; Behrends et al.
2010).

In mammals, most of the output of ERES is directed to the cis-Golgi via the
ER-Golgi intermediate compartment (ERGIC) (Brandizzi and Barlowe 2013). The
ERGIC is the depot for sorting by both the COPI and COPII coats in mammals
(Brandizzi and Barlowe 2013). ERGIC membranes support LC3 lipidation in a
cell-free system Ge 2013, Ge 2014. In human cells, the ERES protein tectonin 3-
propeller containing protein 2 (TECPR2), which is mutated in a hereditary spastic
paraplegia, connects the COPII subunit SEC24D to LC3C (Stadel et al. 2015).
Super-resolution imaging of the mammalian PAS shows that Atg9 vesicles and
the ULK1 complex subunit Atg13 coalesce with ERGIC components COPI,
CORPIl, and ERGIC53 (Karanasios et al. 2013). Collectively, these data provide
compelling evidence that COPII vesicles have a conserved role in autophagy
initiation. The ER is closely associated with autophagosome biogenesis, and
CORPII vesicle production provides an appealing mechanism for the exchange of
membrane from the ER to the phagophore. In contrast to the situation with Atg9
vesicles, COPII vesicles can be formed in large amounts and so could
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presumably account for the bulk membrane needed for autophagosome
biogenesis, but this has yet to be confirmed quantitatively.

1.15 Conclusion

The “parts list” of autophagy initiation is becoming increasingly well defined.
Building on the identification of the key initiating proteins in yeast (Wen and
Klionsky 2016; Mizushima and Komatsu 2011), proteomics and mammalian cell
biology have fleshed out many additional components (Mizushima and Komatsu
2011; Behrends et al. 2010). With the parts list approaching, perhaps,
completion, the big question is how all these parts work together to create the
phagophore de novo. As with many other complex processes of cells, the
mechanics of how Atg proteins come together with vesicles to create
phagophores occurs on the nanoscale, i.e., the length scale of 10s on nm. In the
recent past, the dominant experimental approaches in autophagy research have
centered on diffraction-limited fluorescence microscopy, co-immunoprecipitation,
and protein phosphorylation. These more traditional approaches have yielded
many important discoveries, yet they will not be able to break through to
resolving the nanoscale mechanisms involved in phagophore initiation. Super-
resolution and cryo-electron microscopy methodologies are advancing quickly,
and the advances are quickly being adopted in autophagy research. The imaging
approaches are being to generate more insights that can be contemplated on the
structural scale, and the structural biology studies are expanding in scope to
approach the size scales reachable by superresolution imaging. Thus far the
insights generated by cell imaging and structural biology have yet to truly
converge. Yet it seems that such a convergence will be inevitable. At that point,
the rate-limiting step may change from technical challenges to the conceptual
challenge of embracing the complexity that these methods are bound to reveal.
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CHAPTER 2

Dynamics and Architecture of the NRBF2-Containing
Phosphatidylinositol 3-Kinase Complex | of Autophagy

This chapter was published as the following article by Young, Lindsey N., Cho,
Kelvin, Lawrence, Rosalie, Zoncu, Roberto. and Hurley, James H. (2016)
‘Dynamics and architecture of the NRBF2-containing phosphatidylinositol 3-
kinase complex | of autophagy’, Proceedings of the National Academy of
Sciences. doi: 10.1073/pnas.1603650113.

The contributions are as follows: Lindsey Young performed designed and
conceived all experiments, Fluorescence Recovery After Photobleaching
experiment was performed and analyzed with the help of Kelvin Cho, Rosalie
Lawrence, and Roberto Zoncu. Lindsey Young and Jim Hurley wrote the
manuscript, with input from all authors.
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Chapter 2 : Dynamics and Architecture of the NRBF2-Containing
Phosphatidylinositol 3-Kinase Complex | of Autophagy

2.1 Summary

Autophagy (self-eating) is an essential process for cellular self-renewal.
The class Il phosphatidylinositol 3-kinase complex | (PISKC3-C1) is central to
autophagy initiation. We previously reported the V-shaped architecture of the
four-subunit version of PIS3KC3-C1 consisting of VPS34, VPS15, BECN1, and
ATG14. Here we show that a putative fifth subunit, NRBF2, is a tightly-bound
component of the complex that profoundly affects its activity and architecture.
NRBF2 enhances the lipid kinase activity of the catalytic subunit, VPS34, by
roughly ten-fold. We used hydrogen-deuterium exchange coupled to mass
spectrometry (HDX-MS) and negative stain electron microscopy to map NRBF2
to the base of the V-shaped complex. NRBF2 interacts primarily with the N-
termini of ATG14 and BECN1. We show that NRBF2 is a homodimer and drives
the dimerization of the larger PI3KC3-C1 complex, with implications for the
higher-order organization of the preautophagosomal structure.

2.2 Introduction

Autophagy is a pathway of subcellular engulfment and lysosomal transport
that is conserved throughout eukaryotes (Mizushima, Yoshimori, and Ohsumi
2011). Survival during starvation is probably the primordial function of autophagy
(F. Reggiori and Klionsky 2013). Most current research focuses on a growing
array of selective autophagy pathways in human cells (Shaid et al. 2013). These
include autophagy of mitochondria (mitophagy), endoplasmic reticulum (ER-
phagy), and intracellular microbes (xenophagy). Autophagy is generally
considered protective against a range of diseases, including several
neurodegenerative diseases (Nixon 2013), microbial infections, and cancer
(Galluzzi et al. 2015). Autophagy can also promote tumor growth in late stages of
cancer, and therefore agonists and antagonists of autophagy are of interest as
potential therapeutics (Galluzzi et al. 2015). The centrality of autophagy to both
basic cell processes and human health has leant urgency to understanding its
underlying molecular mechanisms.

Bulk and selective autophagy share common machinery for the initiation
and growth of the double-membrane sheet known as the phagophore. The
phagophore matures and closes to form the autophagosome. The proteins
dedicated to autophagy number ~41 in yeast and more in humans. They include
the ULK1 protein kinase complex (Atg1 complex in yeast), the
phosphatidylinositol 3-kinase complexes | and Il (PI3KC3-C1 and —C2), the
integral membrane protein ATG9, the WIPIs as PI(3P) receptors, and the
ubiquitin-like LC3 protein family and their conjugation pathway. PI3KC3-C1
functions in autophagy initiation (Yun Zhong et al. 2009b; Matsunaga et al.
2010), while PIBKC3-C2 is important for autolysosome formation at a later step in
autophagy (C. Liang et al. 2006). The two PI3KC3 complexes share three
subunits in common: the lipid kinase subunit VPS34, and the regulatory subunits
BECN1 and VPS15. PISKC3-C2 contains the unique subunit UVRAG, which is
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involved in regulating the fusion of autophagosomes to lysosomes (Y.-M. Kim et
al. 2015). PI3KC3-C1 is targeted to sites of autophagy initiation (known as the
phagophore assembly site (PAS) in yeast) by its unique ATG14 subunit (ltakura
et al. 2008; Sun et al. 2008).

The structure of the four-subunit human PI3KC3-C1 assembly was
determined at low resolution by our group by negative stain EM, and revealed an
overall V-shaped architecture (Baskaran et al. 2014). One arm of the V contains
the VPS34 lipid kinase and VPS15 pseudokinase domains, while the other
includes BECN1, ATG14, and the WD40 domain of VPS15. The N-termini of
BECN1 and ATG14, and the HEAT repeat domain of VPS15 reside near the
base of the V. A higher resolution crystal structure of yeast PIS3KC3-C2 confirmed
these features, with the exception that Vps38 was present instead of ATG14
(Rostislavleva et al. 2015). The complex undergoes at least two large-scale
structural movements. The V is capable of opening and closing to the extent of
about 45°, and the VPS34 lipid kinase undergoes dislodging from the rest of the
complex (Baskaran et al. 2014).

Recently a putative fifth subunit of the PI3KC3-C1 complex was identified
in yeast and named Atg38 (Araki et al. 2013). Atg38 consists of an N-terminal
MIT (microtubule interaction and transport) domain and a C-terminal coiled caill,
together with connecting linkers. Atg38 dimerizes via its coiled coil (Araki et al.
2013). In atg38A cells, autophagic function is reduced, and the PI3KC3-C1
complex tends to dissociate into subcomplexes consisting of Vps15-Vps34 and
Atg6-Atg14. The human ortholog of Atg38 is NRBF2 (Nuclear
Receptor Binding Factor 2). In parallel with the observations for Atg38 and yeast
PI3KC3-C1, NRBF2 is an interactor and/or component of the mammalian
PI3KC3-C1 complex (Lu et al. 2014; Cao et al. 2014; Zhong et al. 2014). Cells
from NRBF2 knockout mice show reduced autophagy, reduced PISKC3 activity,
and reduced stability of PISKC3-C1 (Lu et al. 2014). Knockdown of NRBF2 with
shRNA resulted in similar effects (Cao et al. 2014). A third report also concluded
that NRBF2 was associated with PIS3KC3-C1, however, siRNA knockdown of
NRBF2 led to an increase in autophagy in this report (Y. Zhong et al. 2014).

The observations that PISKC3-C1 contains and/or is regulated by Atg38 in
yeast and NRBF2 in mammals suggests a conserved and fundamental role for
this protein in autophagy (Levine et al. 2016). We set out to understand the role
of NRBF2 in the assembly, activity, architecture, and dynamics of PI3KC3-C1.
We found that NRBF2 binds to the four-subunit PI3KC3-C1 with a Ky of 40 nM,
and its dissociation from the complex was immeasurably slow. NRBF2 activates
the lipid kinase activity of PIBKC3-C1 in vitro. NRBF2 is a dimer and drives the
dimerization of the larger PISKC3-C1 complex, yet its activation of the lipid
kinase is equally efficient with the monomeric MIT domain fragment. We probed
the effect of NRBF2 on PISBKC3-C1 dynamics by hydrogen-deuterium exchange
(HDX), and found that parts of the N-termini of ATG14 and BECN1, and parts of
the VPS15 HEAT repeat domain underwent changes. The largest changes
mapped to the BH3 domain of BECN1, the binding site for Bcl-2 family members.
By electron microscopy, the binding site of the NRBF2 MIT domain responsible
for activation was mapped to the based of the V-shaped PISKC3-C1 structure,
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close to the ATG14 and BECN1 N-termini. These data portray the predominant
active form of PISKC3-C1, as it functions in autophagy, as a homodimer of
heteropentamers. This new conceptualization of PI3KC3-C1 architecture has
significant implications for the membrane interactions, activity, and regulation of
PIBKC3-C1 in autophagy induction.

2.3 Results

2.3.1. NRBF2 is a tightly bound subunit of PI3KC3-C1

To investigate whether NRBF2 is an exchangeable vs. permanent subunit
of PI3BKC3-C1, we performed Fluorescence Recovery After Photobleaching
(FRAP). PISBKC3-C1 was immobilized on streptavidin resin through tags
containing the streptavidin binding peptide. Purified recombinant GFP-NRBF2
was incubated with these beads for 10 min. The beads were imaged and regions
of the streptavidin bead were photobleached while recording fluorescence
recovery. After photobleaching via a high intensity laser pulse, GFP-NRBF2
exhibited neglibible fluorescence recovery during 450 seconds of measurement
(Fig. 2.1). The anti-apoptotic factor Bcl-2 (B-cell CLL/lymphoma 2) binds the BH3
domain of BECN1, and is considered a negative regulator of autophagy
(Pattingre et al. 2005; Siddiqui, Ahad, and Ahsan 2015), but not a permanent
subunit of PISBKC3-C1. The Bcl-2 isoform Bcl-X. binds BECN1 with an affinity of
2.3 uM (Oberstein, Jeffrey, and Shi 2007). As a control, a soluble version of Bcl-
Xt lacking its transmembrane domain was purified and exchange of GFP- Bcl-
XA™ was monitored following the same procedure as for GFP-NRBF2. GFP-
Bcl-X.A™ exhibits steady fluorescence recovery over the same 450 s interval
(Figure 2.2).
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Figure 2.1: NRBF2 is a tightly bound subunit of PI3KC3-C1.

Quantitation of Fluorescence Recovery After Photobleaching (FRAP) of GFP-NRBF2 bound to
PIBKC3-C1. Recovery was monitored at 2-second intervals for 450 seconds. PI3KC3-C1 is bound
to StrepTactin resin through streptavidin protein binding (SPB) tags on PI3KC3-C1. Averages and
SD of three replicates are shown.

21



—
]

g

Q

>

8 0.8

(]

€ 0.6-

3

g 0.4+

@ 0.2

g O ! T T T 1
o 0 90 180 270 360 450

TIME (s)

prebleach 0 90 180 270 360 450

GFP-Bcl-XL

Figure 2.2 Bcl-XL is not tightly associated to PI3KC3-C1.

Quantitation of Fluorescence Recovery After Photobleaching of GFP- Bcl-X.2™ bound to SBP-
PI3KC3-C1, recovery was monitored for 450 seconds. PIS3KC3-C1 is bound to Strep-Tactin resin
through streptavidin protein binding (SPB) tags on PI3KC3-C1. Averages and SD of three
replicates are shown.

To determine the affinity of the interaction between full length NRBF2 and
PIBKC3-CA1, pull-down experiments were performed by titrating NRBF2 onto
PI3KC3-C1-bound beads. PI3KC3-C1 was immobilized on streptavidin resin
through streptavidin-binding peptides located on PI3KC3-C1 subunits (BECN1,
VPS34, VPS15), and the amount of NRBF2 retained was measured through
densitometry of an SDS-PAGE gel. On the basis of fits to these data, NRBF2
binds to complex | with a dissociation constant of 40 nM (Figure 2.3). The 50-fold
higher affinity compared to Bcl-X(2™ was consistent with the inability of NRBF2
to exchange from PI3KC3-C1 containing beads in FRAP experiments.
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Figure 2.3: NRBF2 binds to PI3KC3-C1 with 40 nM affinity
Binding curve of the average of three independent binding assays, displayed with the standard
error of the mean (SEM) shows the binding affinity to be 40 nM.
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2.3.2 NRBF2 dimerizes PI3KC3-C1

Size Exclusion Chromatography (SEC) with full length NRBF2 and PISKC3-C1
indicates that it dimerizes in solution. This is consistent with the finding that
Atg38, the S. cerevisiae homolog of NRBF2, is a homodimer on the basis of
analytical ultracentrifugation (Araki et al. 2013). The central and C-terminal
region must be responsible for dimerization, as a truncation of NRBF2 at residue
159 NRBF24€C was monomeric in solution on the basis of MALS analysis (Figure
2.5). When PI3KC3-C1 is mixed with NRBF2 and subject to size exclusion
chromatography, the elution peak shifts from 13.6 ml, consistent with molecular
weight standard of 440 kDa to 11.2 ml, which is larger than the 669 kDa
molecular weight standard (Figure 2.4). This indicates that the presence of
NRBF2 leads to formation of a larger complex.
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Figure 2.4 NRBF2 can dimerize PI3KC3-C1
Size-exclusion chromatography with PISKC3-C1+NRBF2 (black trace) and PI3KC3-C1 (blue

trace). The peak shifts from 13.6 ml to 11.2 ml on a Superose 6 10/30 column. Molecular weight
standards are indicated.
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Figure 2.5 NRBF2 is a dimer

Multi-angle Light Scattering (MALS) of full length NRBF2 (pink trace) and
NRBF24CC (blue trace). Full length NRBF2 is 78 kDa and NRBF22CC is 27 kDa.
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2.3.3 NRBF2 enhances PI3BKC3-C1 kinase activity

RLU

PIBKC3-C1 PIBKC3-C1 PI3BKC3-C1
+NRBF2 +NRBF24cC

Figure 2.6 MIT domain of NRBF2 enhances PI3KC3-C1 kinase activity
In vitro activity assay using sonicated liposomes containing phosphatidylinositol with PI3KC3-C1
and, where indicated, NRBF2 or NRBF22¢C. RLU refers to relative light units.

NRBF2 contains an N-terminal Microtubule Interacting and Trafficking
(MIT) domain and a central coiled coil. The MIT domain spans residues 1-80,
and the coiled coil spans residues 160-210. MIT domains are three-helix
bundles, first well-studied in proteins of the ESCRT pathway, notably Vps4
(James H Hurley and Yang 2008). To determine if NRBF2 affects the catalytic
activity of PISBKC3-C1, recombinant NRBF2 was incubated with purified PISKC3-
C1. The activity was assessed on sonicated liposomes (approximately 50-100
nm) containing 22 yM substrate phosphatidylinositol (P1). Addition of NRBF2
enhanced the catalytic activity of PI3KC3-C1 ten-fold in the presence of
saturating amounts of NRBF2 (Fig. 2.6). A monomeric version of NRBF2 without
its coiled-coil domain was equally capable of activating the complex, indicating
the MIT domain is sufficient for activation (Fig 2.6). The activating effect of
NRBF2 is thus separate from its ability to dimerize PI3KC3-C1. These in vitro
data are in agreement with a previous report that found that the coiled-coil was
dispensable for the interaction between NRBF2 and PI3BKC3-C1 in cells by
immuno-precipitation (Lu et al. 2014). The data show that NRBF2-MIT is
necessary and sufficient for activation of PI3KC3-C1.

2.3.4 Mapping binding sites via Hydrogen-Deuterium Exchange Mass
Spectrometry

To probe the location of the NRBF2 subunit within PI3KC3-C1, and its effects on
conformation and dynamics, HDX-MS experiments were performed on PI3KC3-
C1 and on the complete PI3BKC3-C1 including NRBF2. Peptide coverage was
obtained for the majority of the 390 kDa PI3BKC3-C1 complex. The peptide
coverages for each subunit were VPS15 (81%), VPS34 (75%), BECN1 (62%),
and ATG14 (51%) (Figure 2.7).
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Figure 2.7 Global mapping of dynamics changes in the presence of NRBF2.
Hydrogen-Deuterium Exchange Mass Spectrometry (HDX-MS) was performed on PI3KC3-C1
and PIBKC3-C1+NRBF2 for 10 seconds and peptides showing a difference in exchange are
noted on the secondary structure elements.

HDX labeling reactions proceeded for 10 seconds, which is sufficient to
deuterate fully solvated amides (Molday, Englander, and Kallen 1972;
Pantazatos et al. 2004). High quality peptides were analyzed, clearly separated
from other peptides and inspected individually. HDX-MS analysis of PI3KC3-C1
is largely consistent with our previous analysis of VPS34 and VPS15 (Baskaran
et al. 2014). All four subunits contained at least one peptide for which the percent
hydrogen exchange changed by more than 10% in the presence of NRBF2
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(Figure 2.7), indicating that inclusion of NRBF2 has wide-ranging consequences
for the flexibility of PISBKC3-C1.
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Figure 2.8 Sample peptides

Sample peptides from BECN1, VPS15, ATG14 showing a protection due to the presence of
NRBF2. Bottom: PI3KC3-C1 0% control, middle: PIS3KC3-C1 10 seconds D20, top: PI3KC3-
C1+NRBF2 10 seconds D20.

While previous reports have established that Atg38/NRBF2’'s MIT domain
binds to Atg14/ATG14 (Araki et al. 2013; Lu et al. 2014), the precise location was
unknown. Atg14 has a central-coiled domain, but little is known about structure at
either termini. The C-terminal membrane targeting region of ATG14
(Barkor/Atg14 autophagosome targeting sequence or BATS) is required for
recruitment of PI3KC3-C1 to the autophagosomal membrane (Fan, Nassiri, and
Zhong 2011). The following ATG14 peptides showed a reduction in exchange: N-
terminus 38-48 (-12%), 49-63 (-7%), and coiled-coil domain: 98-116 (-12%).
Multiple overlapping peptides from BECN1’s coiled-coil domain showed a
decrease in exchange due to NRBF2: 113-122 (-32%), 123-138 (-16%), 123-139
(-14%), 153-167 (-8%). ATG14 and BECN1 have a parallel orientation with
respect to their coiled-coil domains, and both N-termini reside at the base of
complex | (Baskaran et al. 2014). These large changes in the N-terminal regions
of both ATG14 and BECN1 are consistent with a major effect on the dynamics of
the base of the V-shaped complex when NRBF2 is present.
and the relative percent exchange are stated.
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VPS15 contains an N-terminal serine/threonine protein kinase-homology
domain, an alpha-helical HEAT repeat and a C-terminal WD40 domain (Heenan
et al. 2009). The region that showed the most exchange within VPS15 is within
the HEAT repeat, which serves as a scaffold to bridge the left regulatory arm
(BECN1 and ATG14) and the right catalytic arm (kinase domains of VPS34 and
VPS15; Fig. 2.8). Multiple peptides within the central HEAT repeat of VPS15
showed decreased deuterium incorporation in the presence of NRBF2: 447-476
(-8%), 448-476 (-5%), 501-507 (-17%), 545-564 (-10%), 607-629 (-10%), 643-
669 (-6%), 693-716 (-10%), 710-716 (-20%), 742-770 (-6%) (Fig. 2, Fig. 3B, C).
These peptides map to regions of the HEAT repeat found in the base of PI3KC3-
C1. This indicates that the HEAT repeat of VPS15 becomes more protected in
the presence of NRBF2 (Fig. 2.8).
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Figure 2.9 Mapping peptide changes to the base of the V.

(A) Peptides from PI3KC3-C1 showing a difference in exchange due to the presence of NRBF2
has been mapped onto the S. cerevisiae crystal structure of PI3KC3-C2. (B) Protection
converges at the base of PI3KC3-C1.

The VPS15 kinase domain showed an increase in exchange in the
following peptides: 102-110 (+7%), 101-109 (+5%) and 111-122 (+14%), these
changes have been mapped to peptides that surround the VPS15 catalytic loop
and activation loop (Fig. 2.9). The VPS15 HEAT-WDA40 linker region shows
differences in HD exchange: 864-881 (+12%), 864-882 (+14%), 945-957 (-5%).
The corresponding peptides were not ordered in the yeast crystal structure and
could not be mapped.

Finally, the catalytic subunit VPS34 showed differences in exchange.

In the extreme N-terminus, there was an increase in exchange for peptide 13-39
(+18%). VPS34 contains an N-terminal C2 domain that, along with the HEAT
repeats of VPS15, helps bridge the two arms of the complex. We observed
changes in deuterium exchange in two VPS34-C2 peptides: 42-49 (-23%), and
176-193 (-6%). Two more peptides in the C2-HELCAT linker region decreased in
exchange 204-235 (-19%) and 207-235 (-6%).

Within the lipid kinase domain, there was a decrease in exchange for a
single peptide: 591-611 (-5%). This peptide lies on a distal face of the VPS34
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kinase domain, facing away from the VPS15 kinase domain. The rest of the
HELCAT was well-covered and peptides analyzed did not show differences in
HD exchange greater than 5% either way.
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Figure 2.10 Dynamics changes in kinase domains.

(A) Crystal structure colored according to subunit, VPS15 (grey), VPS34 (red), BECN1 (green),
ATG14 (pink). (B) Kinase domain of VPS15 (grey), kinase domain of VPS34 (red), activation loop
of VPS34 (yellow) and peptides showing a decrease in protection due to NRBF2 (light pink and
pink). (C) VPS15 peptide 110-122 (corresponds to yeast 110-120), bottom: PI3BKC3-C1 0%
control, middle: PI3KC3-C1 10 seconds D20, top: PI3KC3-C1+NRBF2 10 seconds D20. (D)
VPS15 peptide 265-278 (corresponds to yeast 249-262) bottom: PI3KC3-C1 0% control, middle:
PI3KC3-C1 10 seconds D20, top: PI3KC3-C1+NRBF2 10 seconds D20.

Overall, the base of the complex showed the greatest changes in
exchange (Figure 2.7, 2.8). These data are strongly suggestive that NRBF2
binds at the base of PI3KC3-C1, but taken by themselves, they do not rule out
that NRBF2 could bind elsewhere and allosterically trigger these changes. These
experiments were carried out with full-length NRBF2 and therefore do not rule
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out the possibility that these changes in exchange are due to PIBKC3-C1
dimerization.

2.3.5 Single particle EM reveals that NRBF2 is part of the base of PI3KC3-
C1

Single particle negative stain electron microscopy (EM) was used to directly
visualize the location of NRBF2 within the complex. In order to simplify the
analysis, the monomeric construct NRBF24¢C (Figure 2.11), which is necessary
and sufficient for incorporation into the complex, was used. An N-terminal
Maltose Binding Protein (MBP) tag genetically fused to NRBF24C€ to aid in its
identification. PISKC3-C1 was used as a reference for 2D classification.

A o
MIT coiled-coil
NRBF2
MBP MIT
MBP-NRBF2ACC Q-—
B “Lodged” Kinase C “Dislodged” Kinase
Reference MBP-NRBF22CC Difference

Reference MBP-NRBF2ACC  Difference

BEE

Figure 2.11 Negative stain EM mapping of the NRBF2 binding site.

(A) Cartoon of full-length NRBF2 and cartoon of MBP-tagged NRBF24¢C, (B) Left: Electron
microscopy 2D reference projection group of PI3KC3-C1 with kinase domain of VPS34 in the
lodged position. Middle: 2D projection groups of PI3KC3-C1 with MBP-NRBF24¢€ bound. Arrows
indicate additional density Right: 2D difference maps showing density for MBP-NRBF24¢C, (C)
Left: Electron microscopy 2D reference projection group of PI3KC3-C1 with kinase domain of
VPS34 in the dislodged position. Middle: 2D projection groups of PI3KC3-C1 with MBP-
NRBF24€€ bound. Arrows indicate additional density Right: 2D difference maps showing density
for MBP-NRBF24¢C,

Of the 49,339 particles were picked, 18,398 particles (37%) contained
extra density corresponding to the globular MBP tag (Fig. 2.11). A difference map
was calculated by subtracting the unlabeled reference group (PI3KC3-C1) from
the labeled group (PI3BKC3-C1+MBP-NRBF2¢C) to localize additional density
attributed for the MBP tag. Two-dimensional projections showed when NRBF24¢¢
is bound, the VPS34 kinase domain can adopt both the lodged and dislodged
conformations (Fig. 2.11), as previously seen for PI3KC3-C1 (Baskaran et al.
2014).
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2.4 Discussion

We found that NRBF2 binds with very high affinity to the rest of the PISBKC3-C1.
Once bound, NRBF2 is non-exchangeable on the time scale of our experiment.
This is consistent with the concept, from cell-based studies, that NRBF2 is a fifth
core subunit of the active form of mammalian PI3KC3-C1 (Lu et al. 2014; Cao et
al. 2014; Y. Zhong et al. 2014), as found also for yeast Atg38 (Araki et al. 2013).
In vitro, we find that NRBF2 potently activates the lipid kinase activity of PI3KC3-
C1. This is also consistent with the loss-of-function phenotype seen in atg38A
yeast cells (Araki et al. 2013), NRBF2-MEFs (Lu et al. 2014), and NRBF2-
siRNA-treated HEK293T cells (Cao et al. 2014).

Both direct observation by negative stain EM, and the selective
localization of dynamic changes from HDX, map the NRBF2 binding site to the
base of the PISBKC3-C1. The large changes in hydrogen exchange in the N-
termini of both BECN1 and ATG14 suggest that both are involved in direct
contacts with NRBF2. It is interesting that the C2 domain of UVRAG (or Vps38 in
yeast) occupies essentially the same location in the overall architecture
(Baskaran et al. 2014; Rostislavleva et al. 2015). Perhaps there could be some
redundancy in the roles of the NRBF2 MIT domain and the UVRAG C2 domain.
The largest of all of the changes in HDX protection correspond to the BH3 region
of BECN1, the binding site for Bcl-2 (Oberstein, Jeffrey, and Shi 2007). It remains
to be determined to what extent there is interplay between the binding of Bcl-2
family members and NRBF2 isoforms.

Outside of the immediate vicinity of the NRBF2 binding site, the largest
changes in dynamics occur in the VPS15 kinase domain. The most affected
portion of the VPS15 kinase domain is close to the VPS34 HELCAT domain and
forms an interface that includes the activation loop and catalytic site of the
VPS34 lipid kinase domain. This suggests an attractive mechanism for NRBF2
enhancement of kinase activity via modulation of the VPS15-VPS34 interface.
However, we did not observe changes in HDX protection in the VPS34 lipid
kinase domain above the 5% threshold. The regions of VPS34 involved in
catalysis were covered in the study. The structural basis for the increased activity
of the NRBF2-containing PISKC3-C1 complex remains to be elucidated.

Probably the clearest and most significant implication of these results is
that PI3KC3-C1 functions as a decamer (dimer of pentamers). Dimerization has
important consequences for the mode with which PIBKC3-C1 can interact with
membranes. For example, oligomers of the ATG14 subunit have been proposed
for tether vesicles (Diao et al. 2015). However the monomeric four-subunit
PI3KC3-C1 has not been shown to have this property, and direct evidence for the
existence of functional endogenous ATG14 homooligomers has been lacking.
The discovery that the complete PI3KC3-C1 does in fact contains two copies of
ATG14 suggests how tethering could in principle occur in the context of the fully
assembled decameric complex (Fig. 2.12).
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NRBF2

Figure 2.12 Dimeric PI3KC3-C1 containing NRBF2.
NRBF2 binds to the base of PIS3KC3-C1, and induces dimerization through its central coiled-coil

domain.

Membrane tethering by a dimeric form of an autophagy initiation complex
has a precedent, the yeast Atg1 complex. Atg1 is capable of dimerizing and
tethering membranes through its C-terminal EAT domain (Ragusa, Stanley, and
Hurley 2012). The Atg1 complex can also form higher order structures that may
contribute to scaffolding phagophore biogenesis (Kofinger et al. 2015). Perhaps,
as seen for the Atg1 complex, PISBKC3-C1 can form higher order structures on
membranes and contribute in non-catalytic ways to phagophore initiation. The
discovery that the NRBF2-containing form of PI3KC3-C1 has a dimer-of-
pentamer architecture provides a stepping-stone towards better understanding
these complex events.

2.5 Materials and methods

2.5.1 Purification of NRBF2 and NRBF2~ceiled-coil

The full length DNA encoding NRBF2 was cloned into vectors 1M (Addgene
#29565), generating His6-MBP-TEV-NRBF2 and vector 1GFP, generating His6-
GFP-TEV-NRBF2. Vectors were obtained from (QB3 Macrolab, UC Berkeley).
The NRBF2 truncation construct was subcloned into the vector 1M, generating
His6-MBP-TEV-NRBF24¢C. BL21 DE3 competent cells were transformed with
NRBF2 constructs. Cells were cultured to an ODeoo of 0.6-0.8 in the presence of
kanamycin (0.05 mg/ml) and induced with 0.2 mM IPTG for 3 hours at 37°C. Cell
pellets were resuspended in 50 mM HEPES pH 8.0, 200 mM NaCl, 1 mM TCEP,
1 mM PMSF (dissolved in ethanol) and sonicated on ice. Lysates were clarified
by centrifugation (18,0009 for 60 minutes, 4C). The supernatant was incubated
with TALON resin, CloneTech (His6-GFP-TEV-NRBF2) or Amylose resin, New
England BioLabs (His6-MBP-TEV-NRBF2Acoiled-coil) for 1.5 hours. Protein was

31



eluted with 300 mM Imidazole (His6-GFP-TEV-NRBF2) or 30 mM Maltose (His6-
MBP-TEV- NRBF2€C). His6-MBP-TEV- NRBF24¢C was concentrated with a 10
kDa MWCO Amicon concentrator and injected over a Superdex-200 column (GE
Healthcare) equilibrated in 20 mM HEPES pH 8.0, 200 mM NaCl, 2 mM MgCla, 1
mM TCEP. Eluted Hise-GFP-TEV-NRBF2 or His6-TEV-NRBF2 was further
purified through anion exchange chromatography, the samples were passed over
a HiTrap Q 5 ml Fast Flow column (GE Healthcare) and eluted with an increasing
NaCl gradient (20 mM to 1 M). Eluted His6-GFP-TEV-NRBF2 or His6-TEV-
NRBF2 was concentrated with a 10 kDa MWCO Amicon concentrator and
injected over a Superfex-200 column (GE Healthcare) equilibrated in 20 mM
HEPES pH 8.0, 200 mM NaCl, 2 mM MgCl., 1 mM TCEP.

2.5.2 Purification of PI3KC3-C1

The full length DNAs encoding VPS15, VPS34, and BECN1 were codon
optimized for expression in HEK293 cells as previously described (Baskaran et
al. 2014). WT ATG14 was cloned into a pCAG vector with GST-tag and used for
kinase assays. A truncation of ATG14 lacking the last 11 amino acids was
similarly cloned into a pCAG vector containing a GST tag (generating GST-
ATG142ALPS) and used for HDX-MS, EM, and SEC studies. Cells were lysed by
gentle shaking in lysis buffer (50 mM HEPES, pH 8.0, 200 mM NaCl, 2 mM
MgCl2, 10% (vol/vol) glycerol, 1% (vol/vol) Triton X-100, 1 mM TCEP, and EDTA
free proteinase inhibitors (Roche, Basel, Switzerland) and supplemented with
phosphatase inhibitors (10 mM B-glycerophosphate, 5 mM Sodium
Pyrophosphate, 0.5 mM Sodium Orthoavanade, 50 mM NaF) at 4°C. Lysates
were clarified by centrifugation (18,000xg for 60 min at 4°C) and incubated with
glutathione Sepharose 4B (GE Healthcare, Uppsala, Sweden), applied to a
gravity column, washed, and purified complexes were eluted with 50 ml wash
buffer containing 50 mM reduced glutathione. Eluted complexes were treated
with TEV protease at 4°C overnight. TEV-treated complexes were loaded on a
2.5 ml Strep- Tactin Sepharose gravity flow column (IBA GmbH, Gaéttingen,
Germany; at 4°C). The Strep-Tactin Sepharose column was washed, and purified
complexes were eluted with wash buffer containing 10 mM desthiobiotin (Sigma-
Aldrich, St. Louis, MO). Eluted complexes were purified to homogeneity by
injection on Superose 6 16/50 (GE Healthcare) column that was equilibrated in
gel filtration buffer (20 mM HEPES, pH 8.0, 200 mM NaCl, 2 mM MgClz, and 1
mM TCEP).

2.5.3 Purification of GFP-Bcl-X.A™

A solube version of H. sapiens Bcl-X. lacking the transmembrane domain (Bcl-
XL2A™) was cloned into 1-GFP vector generating His6-GFP-TEV- Bcl-X(A™. BL21
DE3 competent cells were transformed with the Bcl-X.2™ constructs. Cells were
cultured to an ODeoo of 0.6-0.8 in the presence of ampicillin (0.01 mg/ml) and
induced with 0.2 mM IPTG for 3 hours at 37°C. Cell pellets were resuspended in
50 mM HEPES pH 8.0, 200 mM NaCl, 1 mM TCEP, 1 mM PMSF (dissolved in
ethanol) and sonicated on ice. Lysates were clarified by centrifugation (18,0009
for 60 minutes, 4C). The supernatant was incubated with TALON resin,
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CloneTech and protein was eluted with 300 mM Imidazole. Then, further purified
through anion exchange chromatography, the samples were passed over a
HiTrap Q 5 ml Fast Flow column (GE Healthcare) and eluted with an increasing
NaCl gradient (20 mM to 1 M). Eluted His6-GFP-TEV- Bcl-X.A™ was
concentrated with a 10 kDa MWCO Amicon concentrator and injected over a
Superfex-200 column (GE Healthcare) equilibrated in 20 mM HEPES pH 8.0, 200
mM NaCl, 2 mM MgClz, 1 mM TCEP.

2.5.4 Electron microscopy sample preparation

Negatively stained samples of PI3KC3-C1 and PI3KC3-C1:MBP-NRBF24°C were
prepared on continuous carbon grids that had been plasma cleaned in a 10% O2
atmosphere for 10 s using a Solarus plasma cleaner (Gatan Inc., Pleasanton,
CA). 4 pl of PIBKC3-C1 at a concentration of 25 nM in 20 mM Tris, pH 8.0, 200
mM NaCl, 2 mM MgClz, 1 mM TCEP, and 3% trehalose were placed on the grids
and incubated for 30 s. The grids were floated on four successive 50 ul drops of
1% uranyl formate solution incubating for 10 s on each drop. The stained grids
were blotted to near dryness with a filter paper and air-dried.

2.5.5 EM data collection

Native PI3BKC3-C1 and PI3KC3-C1: MBP-NRBF24°C samples were imaged using
an FEI Tecnai 12 electron microscope (FEI, Hillsboro, OR) operated at 120 keV
at a nominal magnification of 49,000 (2.18 A calibrated pixel size at the specimen
level) using a defocus range of —0.7 to —1.5 ym with an electron dose of 35e /A2
Images were acquired on a TVIPS TemCam F-416 4049 x 4096 pixel CMOS
detector (TVIPS GmbH, Gauting, Germany) using the automated Leginon data
collection software (Suloway et al. 2005).

2.5.6 Image processing

The initial steps of image processing and classification were performed using the
Appion image processing environment (Lander et al. 2009). Template-based
automated particle picking was performed using the FindEM program (Roseman
2004) with particles generated from previous 2D class averages (Baskaran et al.
2014). The contrast transfer functions (CTFs) of the micrographs were estimated
using CTFFIND (Mindell and Grigorieff 2003). Particles were extracted using a
192 x 192 pixel box size and binned by a factor of 2. Particles were automatically
selected from micrographs and subjected to 2D reference-free classification by
iterative multi-reference alignment (MRA) (Ogura, Iwasaki, & Sato, 2003).
EMAN2 (Tang et al. 2007) was used to find additional density attributed to MBP
was visualized by creating a difference map calculated by subtracting the
unlabeled reference group (PI3KC3-C1) from the labeled group (PI3KC3-
C1:MBP-NRBF24¢C),

2.5.7 HDX-MS

Amide hydrogen exchange mass spectrometry (HDX-MS) was initiated by a 20-
fold dilution of stock PI3BKC3-C1 (2 uM) or PIBKC3-C1 (2 uM) and full-length
NRBF2 (5 uM) into D2O buffer containing 20 mM HEPES (pD 8.0), 200 mM
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NaCl, 2 mM MgClz, and 1 mM TCEP at 30°C. Incubations in deuterated buffer
were performed for 10 seconds. Backbone amide exchange was quenched at
0°C by the addition of ice-cold quench buffer (400 mM KH2POg4 /H3PO4, pH 2.2).
Quenched samples were injected onto a chilled HPLC setup with in-line peptic
digestion and desalting steps. Desalted peptides were eluted and directly
analyzed by an Orbitrap Discovery mass spectrometer (Thermo Scientific,
Waltham, MA). The HPLC system was extensively cleaned between samples.
Initial peptide identification was performed via tandem MS/MS experiments. A
PEAKS Studio 7 (www.bioinfor.com) search was used for peptide identification.
Initial mass analysis of the peptide centroids was performed using HDExaminer
version 1.3 (Sierra Analytics, Modesto, CA), followed by manual verification of
each peptide. The deuteron content of the peptic peptides covering PISKC3-C1
was determined from the centroid of the molecular ion isotope envelope. The
deuteron content was adjusted for deuteron gain/loss during pepsin digestion
and HPLC.

2.5.8 Lipid kinase assay

ATP consumption in the presence of lipids was determined using the ADP-Glo
Kinase Assay kit (Promega, Madison, WI). The kinase reaction was performed in
96-well NBS white plates (Corning, Corning, NY), in 1.25x kinase reaction buffer
(12.5 mM HEPES, pH 7.0, 125 mM NaCl, 2.5 mM MnCl,). Samples were
PIBKC3-C1 (20 nM), PIBKC3-C1 (20 nM) and NRBF2 (500 nM), PI3KC3-C1 (20
nM) and NRBF24¢C (500 nM). The reaction was initiated by adding 5 pl of 125
MM ATP to 20 pl of 1.25% kinase reaction buffer. The reaction was carried out for
30 minutes at 23°C, then 25 pl of ADP-Glo reagent containing 10 mM MgClz was
added to the reaction mixture and incubated at 23°C for 30 min to stop the
enzyme reaction and deplete unconsumed ATP. After depletion of ATP, 50 pl of
Kinase Detection Reagent was added to convert ADP to ATP and to introduce
luciferase and luciferin for ATP detection. The reaction mixture was further
incubated 23°C for 30 min and the luminescence was measured with a GloMax-
Multi detection system (Promega).

2.5.9 Size exclusion chromatography with multiangle light scattering (SEC-
MALS)

The final concentration of NRBF2 used for SEC-MALS was 125 yM (4 mg/ml)
and the final concentration of NRBF24¢€ for SEC-MALS was 160 uM (3 mg/ml).
SEC-MALS experiments were performed using an Agilent 1200 high
performance liquid chromatography system (Agilent Technologies, Santa Clara,
CA) coupled to a Wyatt DAWN HELEOS-II MALS instrument and a Wyatt Optilab
rEX differential refractometer (Wyatt, Santa Barbara, CA). For chromatographic
separation, a WTC-050S5 size-exclusion column (Wyatt) with a 20-ml sample
loop was used at a flow rate of 0.3 ml/min in 20 mM HEPES pH 7.4, 200 mM
NaCl, 2 mM MgCl2, 1 mM TCEP. The outputs were analyzed by ASTRA V
software (Wyatt).
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2.5.10 Fluorescence Recovery After Photobleaching (FRAP)

The FRAP experiments were performed by incubating 50 nM PI3KC3-C1 with
Strep-Tactin Sepharose beads, and adding 1 uM GFP-NRBF2 or GFP- Bcl-
X.2™. Defined areas on the beads’ surface were photo-bleached using 75 mW
laser coupled to a galvo FRAPPA device (Andor Instruments, Belfast, UK).
Beads were imaged in confocal mode at two-second intervals before and after
photo-bleaching. Fluorescence recovery was recorded for 450 seconds.
Recovery curves were quantitated on a 0 to 1 scale, where pre-bleach intensity
was normalized to 1 and initial post-bleach intensity was normalized to zero.
Recoveries were calculated in MATLAB using an unbleached bead region for
bleach control and performing background correction by subtracting the intensity
of a non-bead region (MATLAB 8.5, The MathWorks Inc., Natick, MA, 2015).
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NRBF2 activates PI3BKC3-C1 via a two-part binding mechanism
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Chapter 3 NRBF2 activates PI3KC3-C1 via a two-part binding mechanism

3.1 Summary

Autophagy is an evolutionarily conserved process requiring the
autophagic-specific Class Ill Phosphatidylinsotiol-3 Kinase complex. Its activation
by NRBF2 has been previously determined as well as the domain localization to
the base of the complex where ATG14, BECN1 and VPS15 meet. Its ability to
activate the lipid kinase of VPS34 via an allosteric mechanism had not been
determined. This chapter shows precisely where the MIT domain of NRBF2 binds
to PISBKC3-C1, that one copy of the MIT domain is insufficient for activation, and
that full activation requires a second copy of the MIT domain. Dimeric NRBF2
cinches around the conformational flexible catalytic arm of the complex and
stabilizes the lipid kinase domain of VPS34 and the putative kinase domain of
VPS15.

3.2 Introduction

From a 28 A reconstruction of human PI3KC3-C1 we learned that the
complex has a V-shaped architecture with the lipid kinase domain on the right
arm (Baskaran et al. 2014). The structure of yeast PI3KC3-C2 was improved by
a crystal structure (4.5 A), though lacking placement of side-chains and
crystallization required stabilized by nanobodies, this structure showed that yeast
and human complexes were highly conserved (Rostislavleva et al. 2015). A
cryoEM reconstruction (6-8 A) of human PI3KC3-C2 with inhibitory Rubicon
fragment showed how Rubicon inhibited membrane binding through binding to
the BECN1 BARA domain (Chang et al. 2019). However, we lack a high
resolution structure of the autophagy-specific PI3KC3 complex.

Studies in yeast identified a PISBKC3-C1 interacting protein, called Atg38
(Araki et al. 2013). Atg38A cells displayed an autophagy defect and the authors
reasoned that Atg38 enhanced PISKC3-C1 complex integrity. The mammalian
homolog of Atg38 is NRBF2 and subsequent studies in mammalian systems
demonstrated it acted through PIBKC3-C1 and however, whether it functioned as
pro-autophagy or anti-autophagy was controversial (Y. Zhong et al. 2014; Cao et
al. 2014; Lu et al. 2014). In vitro research showed that purified NRBF2 binds
tightly to PI3KC3-C1 at the base of the V-shaped complex and enhanced kinase
activity through the N-terminal 3-helix bundle deemed the MIT domain
(Microtubule Interacting and Trafficking motif) (L. N. Young et al. 2016). Although
Atg38/NRBF2 are dimeric proteins, only NRBF2 was shown to dimerize PI3KC3-
C1 (Ohashi et al. 2016; L. N. Young et al. 2016), however, the dimerization
function is uncoupled from activation (L. N. Young et al. 2016).

We aimed to solve the structure of PISBKC3-C1 in the active state, since
NRBF2 has been determined to be the most potent inducer of PI3KC3-C1, we
pursued NRBF2 bound PI3KC3-C1 by cryoEM.
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3.3 Results
3.3.1 Designing a five-subunit PI3KC3-C1 complex

In order to probe the active complex, a five subunit complex was
generated by genetically fusing the N-terminal MIT domain of NRBF2 to the N-
termini of BECN1 (MIT-linker-BECN1) and separated by a sequence encoding a
flexible (Gly-Gly-Ser)s linkage, this linkage allows up to 42 A of peptide extension
as a random coil. The decision to fuse the N-termini of BECN1 was based on
prior results from single particle negative stain EM studies and Hydrogen-
Deuterium Exchange Mass Spectrometry (HDX-MS) (L. N. Young et al. 2016),
see Chapter 2.

PIBKC3-C1 PIBKC3-C1+NRBF2 MIT-Fusion

VPS34
VPS15

BECNT1 MIT

domam
MIT

domain

full Iength NRBF2

Figure 3.1 Schematic of MIT-Fusion Complex
Generation of the MIT-Fusion complex. The MIT-domain of NRBF2 was genetically fused to the
N-terminus of BECN1.

3.3.2 Probing MIT-Fusion complex by HDX-MS

To confirm that the MIT-linker construct occupies the same binding site
within PISBKC3-C1 as unfused NRBF2, we performed HDX-MS. Previously, we
observed modest protection patterns in three subunits of PI3BKC3-C1- ATG14,
BECN1, and the solenoid of VPS15, indicating that NRBF2 binds to the base of
the complex. In the MIT-Fusion complex, the same regions which previously
showed only modest protection patterns instead showed an enhancement in
protection, indicating that the presence of the MIT domain stabilizes PISKC3-C1

(Figure 3.2-3.4).
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Figure 3.2 Difference in deuteration uptake plot for PI3KC3-C1 subunit

VPS34

Shown above is a difference plot of the percent deuteration for PI3KC3-C1 subunit VPS34 in the
apo-state relative to the addition of excess NRBF2 (orange), or when VPS34 is present in the
MIT-Fusion complex (green).
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Figure 3.3: Difference in deuteration uptake plot for PI3KC3-C1 subunits
BECN1 and ATG14

Difference plot of deuteration for two PI3KC3-C1 subunits, BECN1 and ATG14 in the apo-state
when compared to excess NRBF2 (orange) and when these subunits are present in the MIT-
Fusion complex (green).
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Figure 3.4 Difference in deuteration uptake plot for PI3KC3-C1 subunit
VPS15

Difference plot of deuteration for two PISKC3-C1 subunit VPS15 in the apo-state when compared
to excess NRBF2 (orange) and when these subunits are present in the MIT-Fusion complex
(green).

3.3.3 EM and CryoEM on MIT-Fusion Complex

Finally, the MIT-linker-BECN1 fusion does not alter the integrity of the
complex as the MIT-Fusion complex visually looks like intact PI3KC3-C1 by
negative stain EM (Figure 3.5).
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Figure 3.5 Negative stain EM on MIT-Fusion Complex
The MIT-Fusion complex by negative stain EM.

VPS34 is highly dynamic and capable of dislodging and extending up to
20 nanometers away from the core of PI3KC3-C1 (Baskaran et al. 2014).
Moreover, its direct visualization by cryo-EM has been severely limited, these
HDX results indicate that the MIT-Fusion complex would serve as a useful
structural tool for investigating the autophagic specific PI3KC3-C1, of which we
still lack a high resolution model.

We pursued single particle cryoEM on a complex containing
VPS34:VPS15:ATG14:MIT-linker-BECN1. Two datasets were merged from a
Titan Krios equipped with an energy filter and with a K2 camera, obtaining a
resolution ranging from 6.5-8.5 A (Figure 3.6) The cryoEM map agrees with the
previous reports that human PISBKC3-C1 and -C2 possess an overall V-shaped
architecture (Baskaran et al. 2014; Chang et al. 2019). The coordinates of the
yeast crystal structure of PI3KC3-C2 can be flexibly fit into this cryoEM map
(Rostislavleva et al. 2015).

Figure 3.6 CryoEM on MIT-Fusion complex 1
Single particle cryo-EM reconstruction of MIT-Fusion complex 1.
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Additionally, the cryo-EM map unambiguously fits the three helix bundle of
the MIT domain (coordinates originate from a 1.5 A crystal structure generated
by the Joint Center for Structural Genomics). Surprisingly, the MIT domain forms
a series of contacts with the central helices of the VPS15 solenoid (Figure 3.7).
This large binding surface rationalizes the previously reported high affinity
binding constant of 40 nM (L. N. Young et al. 2016).

Figure 3.7 MIT domain of NRBF2 binds solenoid of VPS15
MIT domain 4ZEY fits within the cryoEM map of the MIT-Fusion complex.

However, since the MIT domain binds to the solenoid of VPS15, it doesn’t
explain NRBF2's specificity for PI3KC3-C1 over -C2, as the VPS15 solenoid is
also present in PISBKC3-C2. Aligning the yeast crystal structure of PI3KC3-C2
with our model for the MIT-Fusion complex, it is apparent that the C2 domain of
Vps38/UVRAG, the PI3KC3-C2 specific member would occlude the MIT binding
site (Figure 3.8). In immunoprecipitation experiments, Atg38/NRBF2 was
observed to only bind PI3KC3-C1, which contains ATG14 (Lu et al. 2014). This
lead to the interpretation that NRBF2 binds to PI3BKC3-C1 directly via an ATG14-
dependent interaction. However, this cryoEM map shows that NRBF2'’s primary
binding site on PISKC3-C1 is the VPS15 solenoid and suggests that the C2 of
UVRAG would block NRBF2 binding to PI3KC3-C2.

41



Figure 3.8 C2 domain of UVRAG occludes MIT NRBF2 binding site
PI3KC3-C2 (gray) contains UVRAG instead of ATG14. The C2 domain of UVRAG (green) would
occlude the MIT domain of NRBF2 (red) from binding the VPS15 solenoid (light blue). Overlaid
are PDB coordinates from yeast crystal structure 5DFZ and coordinates fitting the MIT-Fusion
complex including homology models of 5DFZ and MIT crystal structure, 4ZEY.

Comparing PISKC3-C1 and the MIT-Fusion, there are structural
rearrangements within the base of the complex (Figure 3.9). The base of the
complex is where a number of post-translational and regulatory signals converge
on the autophagic specific PISKC3-C1 via the “regulatory hub,” the N-termini of
BECN1 and ATG14 (J.H. Hurley and Young 2017), see chapter 1. This is a site
which is regulated by ULK1, AMPK, Bcl-2, among others. The presence of the
MIT domain induces a structural rearrangement within the base of the complex
(Figure 3.9). This agrees with HDX-MS experiments that show protection in
ATG14 and BECN1 in the presence of NRBF2. Additionally, we can resolve the
VPS34 catalytic domain, indicating that the MIT domain reduces the
conformational flexibility of PISKC3-C1 (Figure 3.6).
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PI3KC3-C1 MIT-Fusion

MIT
domain

Figure 3.9 Comparison 2D class averages between PI3KC3-C1 and MIT-
Fusion complex.

coiled-coil H predicted structural elements }-

MIT domain induced rearrangements

Figure 3.10 BECN1 helix, potentially the BH3 of BECN1, bound by NRBF2

MIT domain

A helix, possibly the BH3 of BECN1 is bound by the MIT domain of NRBF2. This helix is likely the
BH3 of BECN1, due to the location central to the coiled-coil and the length of the helix, but this
needs further evidence.
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MIT-Fusion complex plus excess dimeric NRBF2 or MIT domain. Results indicate that two copies
of the MIT domain are required for PI3KC3-C1 activation.
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CryoEM based 2D class averages of PI3KC3-C1, MIT-Fusion complex, and PI3KC3-C1 and
dimeric NRBF2.
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3.4 Discussion

We have determined that dimeric NRBF2 binds and activates PI3KC3-C1.
First, one N-terminal MIT domain of NRBF2 binds to the VPS15 solenoid. This
MIT domain binds the same site which the C2 of UVRAG would occupy in
PI3KC3-C2. The presence of the MIT domain within PI3KC3-C1 induces the
conformationally flexible complex to adopt a more rigid conformation. However,
one copy of the MIT domain does not enhance PI3KC3-C1 activity.

NRBF2 is a dimer, we and other reported that NRBF2 can dimerize two
heterotetramers of PISKC3-C1 (L. N. Young et al. 2016; Ohashi et al. 2016). The
function of this larger complex oligomerization remains to be determined.
Previously we determined that the monomeric MIT domain activates PI3KC3-C1
(L. N. Young et al. 2016). This led to the interpretation that one copy of the MIT
domain per PI3BKC3-C1 induced activation. Here, we further demonstrate that a
second copy of the MIT domain of NRBF2 is required for activating PISKC3-C1.

The mechanism of NRBF2 induced activation appears to be a stabilization
of the entire complex, particularly of the right catalytic arm. NRBF2 as a dimer
and wraps around the right arm, with one domain binding anterior of the VPS15
solenoid and a second domain binding posteriorly, assuming the viewer is taking
the traditional face-on view of the V-shaped architecture of PI3KC3-C1. The
result of this binding is a less conformationally flexible right arm, facilitating the
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VPS34 lipid kinase domain and the putative VPS15 kinase domain to be in closer
proximity.

| speculate that the BH3 domain of BECN1 is engaged when NRBF2 is
present, due to the unattributed density for a helix at the base of the complex
when the MIT domain is bound to VPS15. Its sequence identify cannot be
determined at this resolution. The significance of the BECN1 BH3 helix
engagement or protection while NRBF2 is bound implies that Bcl-2/Bcl-XL and
NRBF2 are mutually exclusive binding partners.

3.5 Materials and methods

3.5.1 Purification of NRBF2 and NRBF2~ceiled-coil

The full length DNA encoding NRBF2 was cloned into vectors 1M (Addgene
#29565), generating His6-MBP-TEV-NRBF2 and vector 1GFP, generating His6-
GFP-TEV-NRBF2. Vectors were obtained from (QB3 Macrolab, UC Berkeley).
The NRBF2 truncation construct was subcloned into the vector 1M, generating
His6-MBP-TEV-NRBF24CC. BL21 DE3 competent cells were transformed with
NRBF2 constructs. Cells were cultured to an ODeoo of 0.6-0.8 in the presence of
kanamycin (0.05 mg/ml) and induced with 0.2 mM IPTG for 3 hours at 37°C. Cell
pellets were resuspended in 50 mM HEPES pH 8.0, 200 mM NaCl, 1 mM TCEP,
1 mM PMSF (dissolved in ethanol) and sonicated on ice. Lysates were clarified
by centrifugation (18,0009 for 60 minutes, 4C). The supernatant was incubated
with TALON resin, CloneTech (His6-GFP-TEV-NRBF2) or Amylose resin, New
England BioLabs (His6-MBP-TEV-NRBF2Acoiled-coil) for 1.5 hours. Protein was
eluted with 300 mM Imidazole (His6-GFP-TEV-NRBF2) or 30 mM Maltose (His6-
MBP-TEV- NRBF2€C). His6-MBP-TEV- NRBF24¢C was concentrated with a 10
kDa MWCO Amicon concentrator and injected over a Superdex-200 column (GE
Healthcare) equilibrated in 20 mM HEPES pH 8.0, 200 mM NaCl, 2 mM MgCla, 1
mM TCEP. Eluted Hise-GFP-TEV-NRBF2 or His6-TEV-NRBF2 was further
purified through anion exchange chromatography, the samples were passed over
a HiTrap Q 5 ml Fast Flow column (GE Healthcare) and eluted with an increasing
NaCl gradient (20 mM to 1 M). Eluted His6-GFP-TEV-NRBF2 or His6-TEV-
NRBF2 was concentrated with a 10 kDa MWCO Amicon concentrator and
injected over a Superfex-200 column (GE Healthcare) equilibrated in 20 mM
HEPES pH 8.0, 200 mM NaCl, 2 mM MgCl2, 1 mM TCEP.

3.5.2 Purification of PI3KC3-C1 and MIT-Fusion

The full length DNAs encoding VPS15, VPS34, and BECN1 were codon
optimized for expression in HEK293 cells as previously described (Baskaran et
al. 2014). WT ATG14 was cloned into a pCAG vector with GST-tag and used for
kinase assays. A truncation of ATG14 lacking the last 11 amino acids was
similarly cloned into a pCAG vector containing a GST tag (generating GST-
ATG142ALPS) and used for HDX-MS and EM studies. Cells were lysed by gentle
shaking in lysis buffer (50 mM HEPES, pH 8.0, 200 mM NaCl, 10% (vol/vol)
glycerol, 1% (vol/vol) Triton X-100, 10 mM TCEP, 0.11 micromolar NG311, and
protease inhibitors at 4°C. Lysates were clarified by centrifugation (18,000xg for
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60 min at 4°C) and incubated with glutathione Sepharose 4B (GE Healthcare,
Uppsala, Sweden), applied to a gravity column, washed, and purified complexes
were eluted with 50 ml wash buffer containing 50 mM reduced glutathione.
Eluted complexes were treated with TEV protease at 4°C overnight. TEV-treated
complexes were loaded on a 2.5 ml Strep- Tactin Sepharose gravity flow column
(IBA GmbH, Gaottingen, Germany; at 4°C). The Strep-Tactin Sepharose column
was washed, and purified complexes were eluted with wash buffer containing 10
mM desthiobiotin (Sigma-Aldrich, St. Louis, MO). Eluted complexes were purified
to homogeneity by injection on Superose 6 16/50 (GE Healthcare) column that
was equilibrated in gel filtration buffer (20 mM HEPES, pH 8.0, 150 mM NacCl,
and 1 mM TCEP).

3.5.3 HDX-MS

Amide hydrogen exchange mass spectrometry (HDX-MS) was initiated by a 20-
fold dilution of stock PISBKC3-C1 (2 uM), PISKC3-C1 (2 uM) and full-length
NRBF2 (5 uM), or MIT-Fusion PISBKC3-C1 into D20 buffer containing 20 mM
HEPES (pD 8.0), 200 mM NaCl and 1 mM TCEP at 30°C. Incubations in
deuterated buffer were performed for 10 seconds. Backbone amide exchange
was quenched at 0°C by the addition of ice-cold quench buffer (400 mM KH2PO4
/H3POs4, pH 2.2). Quenched samples were injected onto a chilled HPLC setup
with in-line peptic digestion and desalting steps. Desalted peptides were eluted
and directly analyzed by an Orbitrap Discovery mass spectrometer (Thermo
Scientific, Waltham, MA). The HPLC system was extensively cleaned between
samples. Initial peptide identification was performed via tandem MS/MS
experiments. A PEAKS Studio 7 (www.bioinfor.com) search was used for peptide
identification. Initial mass analysis of the peptide centroids was performed using
HDExaminer version 1.3 (Sierra Analytics, Modesto, CA), followed by manual
verification of each peptide. The deuteron content of the peptic peptides covering
PI3KC3-C1 was determined from the centroid of the molecular ion isotope
envelope. The deuteron content was adjusted for deuteron gain/loss during
pepsin digestion and HPLC.

3.5.4 Electron microscopy sample preparation

Negatively stained samples of MIT-Fusion complex were prepared on continuous
carbon grids that had been plasma cleaned in a 10% O2 atmosphere for 10 s
using a Solarus plasma cleaner (Gatan Inc., Pleasanton, CA). 4 pl of MIT-Fusion
complex at a concentration of 35 nM in 20 mM HEPES, pH 8.0, 150 mM NaCl, 1
mM TCEP, and 3% trehalose were placed on the grids and incubated for 30 s.
The grids were floated on four successive 50 pl drops of 1% uranyl formate
solution incubating for 10 s on each drop. The stained grids were blotted to near
dryness with a filter paper and air-dried.

3.5.5 EM data collection and image processing

MIT-Fusion complexes were imaged using an FEI Tecnai 12 electron microscope
(FEI, Hillsboro, OR) operated at 120 keV at a nominal magnification of 49,000
(2.18 A calibrated pixel size at the specimen level) using a defocus range of -0.7
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to —1.5 um with an electron dose of 35e7/A2. Images were acquired on a TVIPS
TemCam F-416 4049 x 4096 pixel CMOS detector (TVIPS GmbH, Gauting,
Germany) using the automated Leginon data collection software (Suloway et al.
2005).

3.5.6 CryoEM sample preparation

MIT-Fusion complex datasets

Protochips C-flat 2/1 of 400 mesh grids were coated with a carbon support, and
glow-discharged in the presence of amylamine for 55 seconds. A sample of
PIBKC3-C2 containing the following subunits: VPS15, VPS34, MIT-12-residue
linker-BECN1, ATG14AALPS was incubated on a grid for 1 minute at 15°C, 100%
humidity. The sample was protected with 0.02% (v/v) NP40 substitute, 3% (w/v)
trehalose and addition of 0.5 mM BS3 crosslinker proceeded for 30 minutes. The
sample was blotted for 2 seconds and then plunge frozen within Mark IV Vitrobot
into a 50/50 mix of ethane/propane.

3.5.7 CryoEM data collection and image processing

The grid was transferred to a FEI Krios microscope operating at 200 kV and
collected with a GIF Quantum energy filter (Gatan), and images acquired with a
Gatan K3 Direct Electron Detector with a pixel size of 0.568 A. Defocus was
randomized between -1.5 to -3.5 microns. SerialEM was used to collect an
automated dataset of 8,089 micrographs.

3.5.8 Modeling

Homolog models were made using the yeast 4.5 A crystal structure (PDB: 5DFZ)
using Swiss-modeler. Homology models were docked into a 6.5 A reconstruction
using UCSF Chimera using the fit Map in Model tool. The crystal structure from
the MIT domain of NRBF2 was docked into the EM envelope (PDB: 4ZEY). The
rest of the model was adjusted, manually, in Coot using real-space refinement
tools, and placement of helices when appropriate.

3.5.8 Lipid kinase assay

ATP consumption in the presence of lipids was determined using the ADP-Glo
Kinase Assay kit (Promega, Madison, WI). The kinase reaction was performed in
96-well NBS white plates (Corning, Corning, NY), in 1.25x kinase reaction buffer
(12.5 mM HEPES, pH 7.0, 125 mM NaCl, 2.5 mM MnCl,). Samples were
PIBKC3-C1 (20 nM), PI3KC3-C1 (20 nM) and NRBF2 (500 nM), PI3KC3-C1 (20
nM) and NRBF24¢C (500 nM). The reaction was initiated by adding 5 pl of 125
MM ATP to 20 pl of 1.25% kinase reaction buffer. The reaction was carried out for
30 minutes at 23°C, then 25 pl of ADP-Glo reagent containing 10 mM MgClz was
added to the reaction mixture and incubated at 23°C for 30 min to stop the
enzyme reaction and deplete unconsumed ATP. After depletion of ATP, 50 pl of
Kinase Detection Reagent was added to convert ADP to ATP and to introduce
luciferase and luciferin for ATP detection. The reaction mixture was further
incubated 23°C for 30 min and the luminescence was measured with a GloMax-
Multi detection system (Promega).
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Chapter 4: Bidirectional control of autophagy by BECN1 BARA domain
dynamics

4.1 Summary

Membrane targeting of the BECN1-containing class Il Pl 3-kinase
(PIBKC3) complexes is pivotal to the regulation of autophagy. The interaction of
PI3KC3 complex Il and its ubiquitously expressed inhibitor, Rubicon, was
mapped to the first B sheet of the BECN1 BARA domain by hydrogen-deuterium
exchange and cryo-EM. The interaction determinants were confirmed in cell-
based assays of PI3KC3 activity and autophagy. These data suggested that
BARA B sheet-1 unfolds to directly engage the membrane. This mechanism was
confirmed using protein engineering, giant unilamellar vesicle assays, and
molecular simulations. Using this mechanism, a BECN1 8 sheet-1-derived
peptide activates both PISKC3 complexes | and Il, while HIV-1 Nef inhibits
complex Il. These data reveal how BECN1 switches on and off PISBKC3 binding
to membranes. The observations explain how PI3SKC3 inhibition by Rubicon,
activation by autophagy-inducing BECN1 peptides, and inhibition by HIV-1 Nef,
are mediated by the switchable ability of the BECN1 BARA domain to partially
unfold and insert into membranes.

BECN1 BARA domain dynamics
facilitate membrane anchoring
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Figure 4.1 Graphical abstract

The BECN1 BARA domain plays a dual role in autophagy regulation. It is a target for the
autophagy inducing Tat-Beclin peptide and can be inhibited by anti-autophagy proteins Nef and
Rubicon.
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4.2 Introduction

Autophagy is the degradative process of cytosolic cargo engulfment by the
double membrane phagophore (also known as the isolation membrane) for its
transport to the lysosome (Mizushima, Yoshimori, and Ohsumi 2011). Autophagy
is essential for cellular homeostasis and survival during starvation. Autophagic
dysfunction is thought to contribute to neurodegeneration, cancer, aging,
infection, and liver and other diseases (Mizushima et al. 2008), and inducers of
autophagy are actively being sought as candidate therapeutic agents (Galluzzi et
al. 2017). The generation of phosphatidylinositol 3-phosphate (PI(3)P) by the
class Il phosphatidylinositol 3-kinase (PI3KC3) complexes | and Il (PI3KC3-C1
and —C2) (Itakura et al. 2008; Kihara et al. 2001; Sun et al. 2008) is central to the
initiation and expansion of the phagophore (Bento et al. 2016; J.H. Hurley and
Young 2017).

All PI3KC3 complexes contain the lipid kinase VPS34, the scaffold and
putative protein kinase VPS15, and the regulatory subunit BECN1 (J. M. Backer
2016; J.H. Hurley and Young 2017). PISKC3-C1 and C2 are distinguished by the
mutually exclusive presence of either ATG14 or UVRAG (ltakura et al. 2008; C.
Liang et al. 2008; Matsunaga et al. 2009; Sun et al. 2008; Yun Zhong et al.
2009b), respectively, which both engage with the core complex via the central
coiled-coil of BECN1 (Li et al. 2012). PISBKC3-C1 functions in autophagy initiation
(Itakura et al. 2008; Obara, Sekito, and Ohsumi 2006; Sun et al. 2008), while
PI3KC3-C2 functions in both in phagophore expansion (Itakura et al. 2008; C.
Liang et al. 2006) and in the non-autophagic process of endosome maturation (J.
M. Backer 2016). ATG14 and UVRAG form a heterodimeric regulatory
subcomplex with BECN1 through a parallel coiled coil interaction. One copy of
such a regulatory complex then assembles with the catalytic VPS34:VPS15
subcomplex to form the complete PI3KC3 complex. Further variants of
complexes | and Il are formed in cells by the incorporation of additional subunits,
including the C1 activating subunit NRBF2 (Cao et al. 2014; Lu et al. 2014;
Zhong et al. 2014) and the potent C2 inhibitor Rubicon (Matsunaga et al. 2009;
Yun Zhong et al. 2009b).

BECN1 is the smallest subunit in the complex, yet it has a vital and central
role as a hub coordinating autophagy with other cell processes, including
apoptosis (Hurley & Young 2017; Levine et al. 2016). BECN1 was the first
mammalian autophagy protein to be characterized (X. H. Liang et al. 1999), and
its discovery as a tumor suppressor connected autophagy to cancer (X. H. Liang
et al. 1999). BECN1 connects PI3KC3 to the membrane via its C-terminal BARA
(beta-alpha repeated, autophagy; the BARA overlaps with a region formerly
known as ECD) domain (Huang et al. 2012). BECN1 is the target for autophagy
regulation by the anti-apoptotic protein Bcl-2 (Pattingre et al. 2005), the C1
complex activating subunit NRBF2 (L. N. Young et al. 2016), and
phosphoreglation by ULK1 (Egan et al. 2015; Russell et al. 2013), EGFR (Wei et
al. 2013), MAPKAPK2/3 (Wei et al. 2015)(Wei et al., 2015), AMPK (J. Kim et al.
2013), DAPK (Zalckvar et al. 2009), and Akt (R. C. Wang et al. 2012). The Nef
protein of HIV-1 has been reported to inhibit autophagy by targeting BECN1
(Kyei et al., 2009). A peptide fragment of BECN1 corresponding to its putative
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Nef binding site is a remarkably potent inducer of autophagy in cells when cell
penetrability is conferred by fusion to the polybasic domain of HIV-1 Tat (Shoji-
Kawata et al. 2013). This Tat-BECN1 peptide (T-BP) promotes clearance of toxic
protein aggregates and intracellular pathogens from cells (Shoji-Kawata et al.
2013). A major goal of structural studies of autophagic complexes (James H.
Hurley and Schulman 2014) has been to understand how these many regulatory
influences on BECN1 are communicated to the VPS34 catalytic domain and
converted into changes in PI(3)P levels, thereby regulating autophagy.

PI3KC3-C1 and C2 have essentially the same V-shaped three-
dimensional architecture (Baskaran et al. 2014; Rostislavleva et al. 2015). The
right arm of the V contains the catalytic domains of VPS15 and VPS34. The V-
shaped structure is probably an inactive conformation, as the VPS34 catalytic
domain needs to dislodge from its position in this structure to phosphorylate its
lipid substrate (Stjepanovic et al. 2017). On its own, the VPS34 catalytic domain
has relatively low activity compared to that of the assembled complex
(Stjepanovic et al. 2017). A major role of the rest of the PISKC3 complex is to
deliver VPS34 to membranes. BECN1 seems to play an important role in
membrane targeting of the complex. The BECN1-containing subcomplex resides
in the left arm of the V, where its parallel coiled-coil binds to the non-catalytic C-
terminal helical and WD40 domains of VPS15 and the N-terminal C2 domain of
VPS34 (Baskaran et al. 2014; Rostislavleva et al. 2015). BECN1 binds to
membrane through its C-terminal BARA domain (Huang et al. 2012), which is
located at the end of the left arm together with the BARA-like BARA2 domain of
UVRAG. The BECN1 BARA binds to membranes, at least in part, through three
hyper-exposed aromatic “finger” residues (Huang et al. 2012) which are located
at the outermost tip of the left arm and ideally situated to insert into target
membranes.

One of the major endogenous regulatory proteins is Rubicon, which is a
widely expressed and potent negative regulator of autophagy. Rubicon tightly
associates with PISBKC3-C2 (Matsunaga et al. 2009; Yun Zhong et al. 2009b).
Rubicon contains an N-terminal RUN domain (RPIP8, UNC-14, NESCA motif), a
middle region (MR) that includes predicted disordered, helical, and coiled-coll
domains, and C-terminal cysteine-rich (CRD) and Rubicon Homology (RH)
domains (Figure 4.2). Rubicon is the founding member of a group of RH-domain
containing autophagy and PI3SKC3-C2 regulatory proteins, which also includes
PLEKHM1 (McEwan et al. 2015; Tabata et al. 2010) and Pacer (Cheng et al.
2017). In this study, we began by seeking to understand how Rubicon inhibits
PIBKC3-C2 because of its broad importance in autophagic regulation and for
potential insights into the development of autophagy inducers. We discovered
that despite Rubicon's C2-directed specificity, it inhibits autophagy by targeting
the ability of the BECN1 BARA domain to target membranes. This led us to
uncover a mechanism whereby the dynamics of the first -sheet of BECN1 allow
it to unfold and "flip out" of its ground state crystallized conformation and insert
into target membranes, promoting VPS34 activity. This mechanism is general to
both complexes | and Il. It offers an explanation for the potency of the BECN1-
derived TBP peptide as an autophagy inducer, and suggests a path forward for
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the design of small molecule autophagy inducers acting by the same mechanism.
Finally, we show that HIV-1 Nef inhibits PI3KC3 by the same mechanism,
highlighting the importance of this mode of membrane docking and the wide use
of this mechanism to regulate autophagy in normal physiology and infection.

4.3 Results

4.3.1 Mapping the Rubicon PIKBD

We began by mapping the PISKC3-C2 binding and inhibitory region of
Rubicon. We found that the RUN and CRD-RH domains did not interact with the
intact PIBKC3-C2, despite reported binding of the RUN domain to isolated
VPS34 (Sun et al. 2011). The MR bound as well as full length Rubicon, and full
binding was retained in a smaller C-terminal fragment of the middle domain
(MRC; Fig. Figure 4.2). We therefore judged that the MRC encompassed the
PIBKC3-C2 binding and inhibitory properties of the full Rubicon protein, and refer
to it henceforward as the PIKBD (PISKC3-C2 binding domain). Both MR and
PIKBD formed stable and monodisperse complexes with PISKC3-C2 on size
exclusion chromatography (Figure 4.2). Full-length Rubicon, MR, and PIKBD all
inhibited PI3KC3-C2 lipid kinase activity in small unilamellar vesicles (SUVs) by a
factor of 2 at 12.5 nM concentration (Figure 4.2).
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Figure 4.2 Mapping the Rubicon PIKBD.

(A) Schematic diagram of the predicted secondary structure of Rubicon (upper). MBP tagged full
length Rubicon or deletion mutants were co-expressed with the subunits of PI3KC3-C2 (GST
tagged UVRAG; Strep tagged VPS34, VPS15 and BECN1) in HEK293 cells. Both MBP and GST
pull down were performed. The resulting precipitates were visualized by SDS-PAGE (lower). GST
pull-down precipitates were represented as input. FL, full length; MR, middle region; NT, N
terminus; CT, C terminus; MRN, middle region N terminus; MRC, middle region C terminus;
PIKBD, PI3KC3-binding domain. (B) Size exclusion chromatography of PI3KC3-C2 complexes.
Different complexes are indicated with color codes at right. The peak fraction of each complex
was used for subsequent activity assays. UV, ultraviolet. (C) Activities of PI3BKC3-C2 complexes
(12.5 nM) on SUVs containing PI. Different complexes are indicated with color codes. RLU,
relative light units.
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Figure 4.3: Rubicon and Rubicon PIKBD inhibit PI3KC3-C2 on GUVs

Confocal images of GUVs showing the binding of FYVE domain (green) and different PI3KC3
complexes (red). GUVs were incubated with wild type C2, Rubicon FL-C2, or Rubicon PIKBD-C2
complex respectively.

We also probed PI3KC3-C2 activity using a giant unilamellar vesicle
(GUV) assay in which PI(3)P production is monitored using a GFP-FYVE domain
probe and PI3KC3-C2 binding to the membrane is monitored with an mCherry-
PIBKC3-C2 fusion (Figure 4.3). Wild-type PIBKC3-C2 robustly generates PI(3)P
and binds strongly to the GUV membrane (Figure 4.3). Both full-length Rubicon
and the PIKBD essentially completely inhibit both membrane binding and PI(3)P
production (Figure 4.3). These data also lead to a second important conclusion,
that Rubicon inhibits PISBKC3 by blocking membrane binding.
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Figure 4.4: Rubicon binds specifically PI3KC3-C2 over PI3KC3-C1
MBP tagged full length Rubicon or PIKBD were co-expressed with the subunits of PI3KC3-C1 or
C2 in HEK293 cells. The MBP pull-down precipitates were visualized by SDS-PAGE.

Rubicon is generally considered to be a specific modulator of PI3KC3-C2

activity. We investigated whether purified full-length Rubicon could bind to
recombinant PISBKC3-C1 (Figure 4.4). Only trace binding to PISBKC3-C1 (ATG14)
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was observed (Figure 4.4). This was in accord with the expectation that binding
to complex Il would be strongly preferred. The PIKBD mirrored the very weak
binding of full-length Rubicon to PI3KC3-C1, indicating that the fragment is, like
full-length Rubicon, specific for C2 over C1.

4.3.2 Rubicon PIKBD targets BECN1 BARA B-sheet 1

We used hydrogen-deuterium exchange coupled to mass spectrometry
(HDX-MS) to probe Rubicon-PI3BKC3-C2 interactions in more detail. HDX of
Rubicon-PI3KC3-C2 samples was compared to Rubicon PIKBD and PI3KC3-C2
samples alone at 10, 30, 60, and 90 s (Figure 4.5). No significant (> 5%) changes
in protection were seen for VPS34 or VPS15 (data not shown). Two peptides
from BECN1 were protected by more than 10 % in the presence of PIKBD,
spanning residues 261-287 (Figure 4.5). These two peptides correspond to the
first B sheet of the BECN1 BARA domain (Figure 4.5). Remarkably, the residues
spanned by this region (265-287) are nearly identical to those contained in the
TBP (residues 267-284) (Shoji-Kawata et al. 2013). Protection of > 5 % was
observed in a part of the UVRAG BARAZ2 (Figure 4.5) that is adjacent in the
three-dimensional structure as inferred from the yeast C2 structure (Figure 4.5)
(Rostislavleva et al. 2015).
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Figure 4.5 Mapping binding sites of Rubicon and PI3KC3-C2 by HDX-MS.
(A) Difference plot of percent deuteron incorporation in BECN1 of PI3KC3-C2 versus deuterons
incorporated in the presence of Rubicon, 30s in D20. (B) Difference plot of percent deuteron
incorporation of UVRAG of PI3BKC3-C2 versus deuterons incorporated in the presence of
Rubicon, 30s in D20. (C) HDX-MS difference map onto the crystal structure of human BECN 1
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BARA domain (wheat) and crystal structure of yeast PI3KC3-C2 (grey), BECN1 BARA domain
was aligned to the yeast crystal structure. Regions showing a decrease in HDX are depicted in
blue (10% decrease) and lavender (5% decrease) in the presence of Rubicon.

4.3.3 Probing the BECN1 BARA domain

In order to confirm that B-sheet 1 was the major Rubicon binding site, we
first replaced the entire B-sheet 1 with a polar loop (BECN18S'PL), and second,
mutated the two most prominent exposed side chains of 3-sheet 1, Trp277 and
His278 (Figure 4.6, to Asp (BECN1 WW-DD) BECN1 BS1PL and BECN1 WW-DD
were expressed as part of reconstituted PIS3KC3-C2, and neither was capable of
pulling down Rubicon PIKBD (Figure 4.6). In contrast, the BECN1 BARA
aromatic finger triple mutation BECN1PPP, previously shown to block membrane
binding (Huang et al., 2012), had no effect on Rubicon binding (Figure 4.6),
indicating that the Rubicon binding site does not overlap with the previously
established membrane binding site on BECN1. We went on to determine more
precisely which portion of PIKBD bound directly to PI3KC3-C2. HDX-MS
protection of >10 % was seen in the first and third of the three predicted helical
regions of PIKBD (Figure 4.6). We determined by pull-down assay that the first
helix, which is conserved in the PI3KC3-C2 binding region of Pacer (Cheng et al.,
2017), was essential for PI3KC3-C2 binding, while the third region was
dispensable (Figure 4.6).
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Figure 4.6 BECN1 mutants

BECN1 or mutants were co-expressed with full length MBP-tagged Rubicon and the other
subunits of PI3KC3-C2. Both MBP and GST pull-down precipitates were visualized by SDS-
PAGE.
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Figure 4.7: Rubicon PIKBD mutants

(A) Difference plot of %D incorporated into Rubicon PIKBD within the PI3KC3-C2 complex versus
deuterons incorporated into Rubicon PIKBD alone after 10 s in D20. The Rubicon PIKBD
secondary structure drawing (upper) illustrates the heat map of apo state. Three predicted a-
helices (a1-a3) are colored according to %D exchange. Data are presented as Mean * Stddeyv,
n=3. (B) MBP tagged Rubicon PIKBD or PIKBD mutants were co-expressed with the subunits of
PI3KC3-C2 in HEK293 cells. Both MBP and GST pull-down precipitates were visualized by SDS-
PAGE.

4.3.4 PIKBD inhibits PI(3)P production and autophagy in vivo

To further elucidate the function of PIKBD region of Rubicon, we replaced
the central PIKBD residues 488-496 with Ala. We carried out HDX-MS on the
mutant construct at three time points and found there was no change to its
conformational stability relative to wild-type. We evaluated the impact of
overexpressing the wild-type and mutant fragments on PI(3)P generation in cells
as detected with a GFP-FYVE probe (Gillooly et al. 2000). Overexpression of
Rubicon PIKBD inhibited PI(3)P production as strongly as full length Rubicon,
while the PIKBD mutant had minimal effect (Figure 4.8). We also examined its
effect on autophagic flux in HelLa cells from which Rubicon was genetically
deleted. While wild-type Rubicon significantly reversed the autophagic flux in
knock out cells, Rubicon PIKBD mutant does not, further highlighting the
importance of this region in vivo (Figure 4.8). These data show that the inhibitory
mechanism observed in vitro and described above is also the mechanism
operative in cells.
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Figure 4.8: Rubicon PIKBD inhibits PI(3)P production and autophagic flux
in vivo

(A) Distribution of GFP-FYVE (green) and Rubicon fragment (red) in U20S cells. Cells
transfected with Flag vector, Flag-Rubicon, Flag-Rubicon-PIKBD, or Flag-Rubicon-PIKBD mutant
were starved with EBSS for 2 h. (B) Quantification of the number of GFP-FYVE puncta per cell in
cells treated as in D. The data are quantified with Image J, and analyses were performed using
GraphPad Prism 5 software. Data are presented as Mean * Stddev, n = 50. ***p < 0.001. (C) The
representative Western Blot for autophagic flux assay in Rubicon-KO cells with anti-LC3 antibody.
After the transfection of mStrawberry (mSt), mSt-Rubicon, or mSt-Rubicon mutant, cells were
starved with EBSS in the presence or absence of Bafilomycin A1(Baf A1). (D) Quantification of
autophagic flux in (C). The data are quantified using Image J, and analyses were performed using
GraphPad Prism 5 software. Comparisons between groups were performed using the one-way
analysis of variance. Data are denoted as Mean * Stddev, n=3. p values < 0.05 were considered
significant (*). Anti-RFP antibody and ponceau S (Po-S) were used to confirm the transfection
efficacies of each plasmid and the loading protein amounts, respectively.

4.3.5 Cryo-EM structure of PI3KC3-C2 bound to Rubicon PIKBD

An initial negative stain EM characterization of MBP-PIKBD binding to
PI3KC3-C2, using the MBP tag as a localization aid, confirmed that PIKBD was
situated at the tip of the BECN1-UVRAG portion of the complex. This is at the
end of the left arm in the standard view (Figure 4.9).

Figure 4.9: MBP-PIKBD localizes to the left arm of PI3KC3-C2
Negative stain EM on PISKC3-C2 MBP-Rubicon PIKBD and model for domain placement.
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PI3KC3 complexes are conformationally dynamic (Stjepanovic et al.
2017), which has made cryo-EM studies challenging. We generated a fusion
between the C-terminus of BECN1 and the PIKBD on the basis of the HDX-MS
and negative stain EM studies. The lipid kinase activity of the fusion was identical
to that of PIKBD-inhibited PISBKC3-C2 (Figure 4.10. Moreover, this construct
manifested the same pattern of HDX protection localized to BECN1 BARA
residues 265-287 (Figure 4.10). This fusion was combined with a VPS34-VPS15
fusion (Stjepanovic et al. 2017), previously shown to stabilize the V-shaped
"classic" conformation without otherwise perturbing the structure of the subunits.
This material led to a sample with improved stability and decreased
conformational heterogeneity, which was promising as judged by 2D class
averages (Figure 4.11)
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Figure 4.10 PIKBD-C2 Fusion complex
(A) PIKBD inhibits C2 whether as a fusion BECN1 (orange) or in the unfused state (pink). (B)
BECN1 residues 265-287 were protected in the PIKBD-fusion-C2 complex.
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Figure 4.11: Cryo-electron microscopy on PI3KC3-C2:Rubicon PIKBD.

(A) 2D-class averages of PI3KC3-C2:MBP-Rubicon PIKBD by cryo-EM. (B) Whole reconstruction
gold-standard FSC resolution estimation of PI3KC3-C2:Rubicon-PIKBD. (C) Model fit of 6.8 A
map, BECN1 in lime green, helix corresponding to Rubicon PIKBD, UVRAG in pink, VPS15 in
magenta, and VPS34 in forest green.

A data set was obtained from a VPS34-VPS15:BECN1-PIKBD:UVRAG
complex sample on a Titan Krios, leading to a 6.8 A reconstruction (Figure 4.11,
4.13). The most heterogeneous part of the complex is the VPS34 catalytic
domain, whose conformational dynamics is reduced, but not eliminated, in the
VPS34-VPS15 fusion. This region was therefore removed from averaging by
masking (Figure 4.12).
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Figure 4.12 CryoEM workflow
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(A) CryoEM data on PI3KC3-C2: Rubicon PIKBD was processed starting with 921,474 particles,
subjected to 2D yielding 622,843 particles that went through 3D classification resulting in 305,942
particles. Re-grouping of 305,942 particles and another round of 3D classification yielded a class
of 133,007 particles, which were refined. Another round of 2D classification removed more junk
classes, leaving 101,903 particles, which were further refined. Another round of 3D classification
removed broken particles, leaving 72,869 particles. These particles were refined, and then
subjected to 2D classification with angular sampling, leaving a set of 42,708 very clean particles
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that refined to 6.8 A and a b-factor of -50 A2, (B) Sample masking procedure for refining PI3KC3-
C2:Rubicon-PIKBD. This mask was generated using the map from the refinement, set at sigma
level 6 (initial binarisation threshold 0.0073), the map was then extended 5 pixels (5.75 A) and a
soft-edge was added of 8 pixels (9.2 A). (C) Slices through the mask and the final post-processed
map confirm that the mask is soft, and that the features of the map can be visualized.
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Figure 4.13 Local resolution estimation of the final cryoEM map

front view top view back view

CryoEF score: 0.7

Figure 4.14: Particle distribution
Angular distribution of the final refinement, and a cryoEF score of 0.7.

The remainder of the density is generally consistent with the crystal structure of
yeast PI3KC3-C2 (Rostislavleva et al. 2015) (Figure 4.15). The tip of the N-
terminus of the UVRAG coiled coil moves by up to 16 A, with similar large
movements by the associated portion of the BECN1 coiled coil. Further along the
coiled coils at their C-terminal ends, UVRAG and BECN1 move by 5 A and 6 A,
respectively. The UVRAG C2 domain moves by 10 A. The VPS34 C2 B-sheet
core does not move, however, the VPS34 C2 helical insert region moves by up to
10 A (Figure 4.15). These movements likely reflect either the absence of lattice
contacts, inherent differences between the human and yeast complexes, or both.
These regions are distal to the Rubicon binding site, and these changes are likely
unrelated to Rubicon binding and do not affect the interpretation of the Rubicon
complex.
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Figure 4.15 Model comparison to yeast PI3KC3-C2

Comparison of human cryo-EM and yeast crystal structures of PI3KC3-C2. An overlay of the
yeast model 5DFZ (white) and the model generated in this study. The models were aligned to the
C2 domain of VPS34.

4.3.5 PIKBD alpha-1 binds to the BECN1 BARA domain

The only major additional density feature not accounted for by the four
subunits of PISBKC3-C2 was located adjacent to the BECN1 BARA domain
(Figure 4.11). The local resolution of this part of the structure is estimated at ~8 A
(Figure 4.13). The main density feature corresponds to a 40 A long a-helix, which
is bound to surfaces formed by the first a3 repeat of the BARA domain (Figure
4.16).

Figure 4.16: Inset of the BECN1 BARA domain where Rubicon PIKBD binds

We provisionally assigned this density to the Rubicon PIKBD. Additional density
emanating from the C-terminus of BECN1 was assigned to the BECN1-PIKBD
linker. The PIKBD directly contacts Trp277 and His278 (Figure 4.16), consistent
with the HDX-MS data.
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Based on the orientation of the linker density and the interactions
described above, the additional helical density appeared most likely to belong to
the first helix a1 of PIKBD. However, at the resolution attained, side chains are
not visualized and it is not possible to assign the observed Rubicon density to a
unique portion of the PIKBD sequence. Since the PIKBD sequence contains
three predicted helical regions (Figure 4.17), we made constructs corresponding
to a1 alone and a2-a3 combined. PIKBD-a1 pulled down PI3KC3-C2 effectively,
while the a2-a3 did not (Figure 4.17), supporting this assignment. PIKBD-a1 was
also inhibited PI3KC3-C2 at 15 nM concentration as judged by the GUV assay
(Figure 4.17). However, PIKBD-a1 was somewhat less effective in inhibition than
the full PIKBD, suggesting that a2-a3 do contribute to affinity to some degree,
even though they are insufficient to pull down PISBKC3-C2 on their own. From
these data, we infer that the well-defined helical density modeled as shown in
Figure 4.16 corresponds to Rubicon a1 and is responsible for inhibiting BECN1.
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Figure 4.17 PIKBD-a1 pull down experiment

(A) MBP tagged Rubicon PIKBD a1 or a2&3 were co-expressed with the subunits of PI3KC3-C2
in HEK293 cells. Both MBP and GST pull-down precipitates were visualized by SDS-PAGE. (B)
Confocal images of GUVs showing the binding of FYVE domain (green) and different PI3KC3
complexes (red). GUVs were incubated with C2, PIKBD-C2, or PIKBD a1-C2 complex
respectively.

4.3.6 Membrane docking by BECN1 BARA B-sheet 1

In the crystal structure of BECN1 BARA, 16 residues (248-264) of the BECN1
coiled-coil were included in the construct. In the context of this isolated fragment,
this region (referred to as “OH” for overlap helix) is folded back on the rest of the
BARA domain (Huang et al. 2012). In structures of full-length BECN1 in the
context of the assembled PISBKC3 (Baskaran et al. 2014; Rostislavleva et al.
2015), however, this region is part of the coiled coil that binds to ATG14 or
UVRAG. The position and N-to-C direction of the Rubicon PIKBD allow it to be
nearly superimposable with the OH helix (Figure 4.18).
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Figure 4.18 Model for PIKBD binding

The OH overlap helix (purple) of BECN1, which is incompatible with the full-length BECN1
subunit, is occupied by a longer helix corresponding to the Rubicon PIKBD (blue). BECN1 BARA
domain has three B-a repeats (orange, lime green, and yellow), in the second -a repeat (lime
green) there are three aromatic residues (red) that constitute the aromatic finger necessary for
membrane binding. Rubicon-PIKBD (blue) binds to amino acids Trp277 and His278 (orange)
located on the first B-a repeat in the BARA domain. Residue register comes from a 1.4 A crystal
structure of the BECN1 BARA domain (4DDP).

This suggests that the face of B-sheet 1 of the BARA domain has a strong
propensity to bind to helical structures. The binding of the BECN1 OH to the rest
of the BARA domain probably accounts for the conformational stability and
crystallizability of the OH-BARA construct (Huang et al. 2012). The HDX-MS data
show that the BECN1 BARA B-sheet 1 is relatively dynamic in the full complex in
the absence of Rubicon, but are strongly stabilized in its presence. The
crystallographic and HDX-MS data taken together strongly suggest that binding
of a helix across the face of the 3-sheet 1, in particular, strongly stabilizes it in its
B-conformation.

The known function of the BECN1 BARA domain is membrane docking
(Huang et al. 2012), therefore we hypothesized that PIKBD binding to BECN1
might act by inhibiting the PISBKC3-C2:membrane interaction (Figure 4.19). We
tested this idea by carrying out all-atom MD simulations of the BECN1 BARA
domain bound to a phospholipid membrane. When B-sheet-1 is locked in its
crystallized conformation, the BARA domain binds to the membrane in an upright
geometry, the aromatic finger is stably anchored in the membrane, and the finger
comprises the primary attachment site (Figure 4.19). When the B-sheet-1 region
is unlocked and allowed to interact with the membrane, Phe270 and 274 form
additional stable anchors with the membrane (Figure 4.19), while the positions of
surrounding polar residues in the 265-287 region fluctuate. In the unlocked
simulation, the geometry remains upright, the aromatic finger remains docked in
the membrane, and the fold of the rest of the BARA domain is stable. The main
consequence of B-sheet 1 unlocking is to dramatically increase the overall

66



strength of the hydrophobic interactions between the BARA domain and the
membrane.
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Figure 4.19 Model figure and Molecular Dynamics Simulations on the

BECN1 BARA domain

(A) Model for membrane docking by BECN1 BARA domain. The BECN1 BARA domain is located
at the tip of the regulatory "left hand" arm of the PI3KC3-C2 complex, where it docks onto
membranes, promoting access of the kinase to its lipid substrate. One mode of membrane
insertion is through the aromatic finger, the second occurs when the B-sheet of the first 3-a repeat
flips from its hydrophobic pocket in order bind the membrane. Beta sheet 1 mutants are incapable
of binding membrane, leading to reduction in PI3KC3 activity. Representative snapshots of MD
simulations of membrane-anchored BECN1 BARA domain with locked beta-sheet 1 (B) or
unlocked beta-sheet 1 (C). BECN1 BARA domain in cyan, locked (B) or unlocked (C) beta-sheet
1 (residues 265-287) in red, phosphate atoms of the upper membrane leaflet depicted as golden
spheres.

B-Sheet 1

4.3.7 Beta-sheet in BECN1 BARA domain contributes to membrane binding

We carried out a series of GUV-based assays to test the docked model
illustrated in Fig. 5B-D. The negative control complex containing the aromatic
finger mutation BECN1PPP failed to bind or generate PI(3)P on 50:50 PI:PS
GUVs (Figure 4.20), confirming a previous report (Rostislavleva et al. 2015).
Consistent with this prediction of the membrane docking model, the BECN1B8S1PL
complex had minimal membrane binding and activity (Figure 4.19). We further
explored the role of individual BARA B-sheet 1 residues using GUV assays of the
hydrophobic anchor residues Phe270 and Phe274, and Rubicon binding residues
Trp277 and His278. Phe270 and Phe274 has two roles in the model. They are
the major anchors that lodge B-sheet 1 in the BARA domain hydrophobic core,
but they are also putative membrane anchors in the extruded, membrane-bound
state (Figure 4.19). The double mutant F27°S/F?74S (BECN1FF-SS) essentially
eliminates membrane binding and activity (Figure 4.20). We tested whether the
solvent-exposed residues Trp277 and His278 (Figure 4.20) might have a dual
role in Rubicon binding and membrane anchoring. However, the double mutant
BECN1WH-DP has essentially wild-type activity (Figure 4.20), consistent with the
docked structure from the MD simulation. These data highlight the role of the two
conserved Phe as the major membrane anchors within B-sheet 1.
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Figure 4.20 BECN1 BARA mutants

Confocal images of GUVs showing the binding of FYVE domain (green) and different PI3KC3
complexes (red). GUVs were incubated with C2, BECN18S'P..C2, or BECN1PPP-C2 complex
respectively. (A) Quantitation of the reaction kinetics on the membrane from individual GUV
tracing in (B) (see Methods, Mean + Stddev; C2 N = 13, BECN18S'PL..C2 N = 7, BECN1PPP-C2 N
= 8). (C) Confocal images of GUVs showing the binding of FYVE domain (green) and different
PI3KC3 complexes (red). GUVs were incubated with C2, BECN1F>SS-C2, or BECN1WH-PP_C2
complex respectively. (D) Quantitation of the reaction kinetics on the membrane from individual
GUV tracing in (C) (Mean + Stddev; C2 N = 20, BECN177>SS-.C2 N = 12, BECN1WH-PD.C2 N =
20).

4.3.8 BECN1 autophagy-activating peptide promotes PI3KC3 membrane
binding in vitro

It is striking that the sequence of B-sheet 1 corresponds almost exactly to
the TBP, which potently induces autophagy and upregulates PI(3)P production in
cells (Shoji-Kawata et al. 2013). The function of this peptide requires Phe270 and
Phe274, both of which are completely buried in the crystal structure of BECN1
BARA (Huang et al. 2012). This leads to a model for an expanded membrane
docking site consisting of the three hydrophobic residues of the aromatic finger
and additional Phe and other residues from the 3-sheet 1 sequence in a flipped-
out conformation (Figure 4.21). This model provides a potential explanation for
PI3KC3 activation by the peptide, in which the peptide competes with 3-sheet 1
for binding to the rest of the BARA domain, so promoting its extrusion and
docking onto the membrane.
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Figure 4.21 Model of TBP activation

Model for PI3BKC3 activation by BECN1 peptide. An allosteric switch in beta sheet 1 facilitates this
sequence to flip out and bind membranes. This equilibrium favors beta sheet 1 to occupy its
hydrophobic pocket over the flipped out state, however, in the presence of T-BP, beta sheet 1
flips out, binds membrane and then activates PI3KC3, as T-BP is present to occupy this
hydrophobic pocket.

We tested this hypothesis by conducting SUV and GUV-based activity
assays using the TBP peptide. The Tat-containing T-BP construct was used in
this experiment even though the cell penetrating ability of the Tat basic residue
was not needed in this context. We found that shorter peptides omitting the Tat
sequence strongly promoted formation of large PISBKC3-C2 aggregates,
precluding further analysis. On the other hand, the basic Tat fusion acted as an
anti-aggregating agent. In order to have a low baseline for unstimulated activity
and so to avoid saturating the assay, we used liposomes of a composition
PC:PE:PI:PS at molar ratio of 60:20:10:10, which is less favorable for PI3KC3
activity. In a SUV-based assay, the addition of 2.5 to 10 yM T-BP to PI3KC3-C2
increased enzyme activity by 2 to 3-fold (Figure 4.22). Control peptides
incorporating F?7°S/F?74S (T-BPFS), or with a completely scrambled sequence
(T-scrambled), led to no activation (Figure 4.22).

We had predicted on the basis of the BECN1-directed nature of T-BP that
it should activate both complexes | and Il. As expected, a similar activation of
PI3KC3-C1 was observed, along with similar behavior by the control peptides
(Figure 4.22). The model posits that 3-sheet 1 unfolds such that its hydrophobic
residues can insert into membranes. This led us to predict that it would not be
possible to rescue the inactive BECN18SPL mutant complex with T-BP. As
expected, almost no activity was seen for the BECN18SPL complex, with or
without T-BP (Figure 4.22).
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Figure 4.22 Tat-Beclin Peptide enhances activity on SUVs

(A and B) Activities of 25 nM PI3KC3-C2 (A) or PI3KC3-C1 (B) on SUVs in the absence and
presence of Tat BECN1 peptide. Data are presented as Mean + Stddev, n = 3. ***p < 0.001. (C)
Activities of 25 nM PI3KC3-C2 or BECN188'PL.-.C2 on SUVs in the absence and presence of Tat
BECN1 peptide. Data are presented as Mean * Stddev, n = 3. ***p < 0.001.

To more directly probe the role of T-BP in promoting membrane binding by
PI3KC3, we applied the GUV assay to monitor PI3KC3 membrane binding and
PI(3)P production in parallel, using a PC:PE:PI:PS (40:20:20:20) composition.
These studies were carried out for 5 min instead of the longer times shown in
earlier GUV figures, as peptide-induced deformations of the GUVs were
observed at longer time points. We began with a control condition in which
essentially no binding or activity could be observed in this lipid composition.
Addition of T-BP potently promoted both GUV membrane binding (red channel)
and PI(3)P formation by PI3BKC3-C2 (Figure 4.23). It was previously established
that PI3KC3-C1 requires high curvature membranes for activity (Fan, Nassiri,
and Zhong 2011), and that it is nearly inactive on GUVs (Rostislavleva et al.
2015). Consistent with this past observation, minimal PI3KC3-C1 activity was
observed, even in the presence of T-BP (Figure 4.23). This contrasted with the
robust activation of PIBKC3-C1 in the presence of high curvature SUVs (Figure
4.22).

Buffer T-BP T-BPF® Buffer

T-BP T-BP™

mCherry-C2 mCherry-C1

Figure 4.23 TBP on PI3BKC3-C1 and -C2 on GUVs
Confocal images of GUVs showing the binding of FYVE domain (green) and PI3KC3-C2 or
PI3KC3-C1 (red) in the absence and presence of BECN1 peptide.
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Remarkably, membrane binding by PI3KC3-C1 was potently promoted by T-BP,
despite its lack of enzyme activity. This shows that both PI3KC3-C1 and -C2 are
targeted to membranes by the same BECN1 BARA driven mechanism. These
data show that it is the enzyme activity, not simply the membrane binding, of
PIBKC3-C1 that requires high membrane curvature. Since both complexes
contain the same VPS34 catalytic unit, this surprising observation suggests that
in the active conformation of PI3BKC3, the complex-specific subunits UVRAG
and/or ATG14 must interact with the catalytic domain. This point warrants further
investigation. The main conclusion of the peptide studies is that all of the
predictions of the T-BP activation model shown in Figure 4.21 were borne out. T-
BP activation acts directly on BECN1, it is dependent on the presence of the
anchoring Phe residues in the peptide, it depends on an intact hydrophobic
sequence in BECN1 3-sheet 1, it is general for both complexes | and Il as
expected from its BECN1-directed character, and it is capable of driving the
complexes onto membranes even in the absence of enzyme activation.

4.3.9 HIV-1 Nef inhibits PI3KC3-C2 in vitro

Because it had previously been proposed that HIV-1 Nef could inhibit
PI3KC3 in autophagy (Kyei et al. 2009) and target BECN1 (Shoji-Kawata et al.
2013), we sought to test whether HIV-1 Nef could inhibit PI3KC3 complexes
directly in a purified system. We noticed that the N-terminal region of HIV-1
spanning residues 36-64 had sequence homology with the PIKBD of Rubicon
(Figure 4.24). This region of Nef is unstructured in most reports (Geyer, Fackler,
and Peterlin 2001), but the most conserved DLEK sequence was observed to
have a helical conformation by NMR (Grzesiek et al. 1996). Using SUV assays,
we found that at 2.5 to 5 yM concentration, HIV-1 NL4-3 Nef inhibited PISBKC3-C2
by up to two-fold (Figure 4.24). Consistent with the idea that Rubicon and Nef
inhibit by a similar mechanism, we found no inhibition of PI3KC3-C1 (Figure
4.24). Activity on GUVs was barely detectable in the presence of Nef, and
membrane binding was almost completely blocked (Figure 4.25), consistent with
an enzyme inhibition mechanism acting at the stage of membrane docking.
Mutation of the DLEK sequence to poly-Ala reversed the ability of Nef to inhibit
PIBKC3-C2 on GUVs, confirming that inhibition is mediated by the predicted Nef
PIKBD (Figure 4.24).
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Figure 4.24 HIV-1 Nef inhibits PI3KC3-C2 in vitro

(A) Sequence alignment for HIV-1 Nef, Rubicon and Pacer. Completely conserved regions
among the proteins are colored bright and predominantly conserved regions are enclosed in blue
boxes. Residues that were included in the Rubicon mutant that knocked out binding and was
used in the cell studies are underlined. (B and C) Activities of 25 nM PI3KC3-C2 (B) or PI3KC3-
C1 (C) on SUVs in the absence and presence of HIV-1 Nef. Data are presented as Mean *
Stddev, n = 3. ***p < 0.001.
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Figure 4.25 HIV-1 Nef inhibits PI3KC3-C2 in vitro

Confocal images of GUVs showing the binding of FYVE domain (green) and PI3KC3-C2 (red) in
the presence of wild type Nef and a Nef mutant in the putative C2 binding site ("Nef™"", conserved
DLEK to AAAA).

4.4 Discussion

In the study, we were able to reach broad conclusions about how BECN1
membrane binding is regulated by studying its inhibition by Rubicon. Rubicon
was discovered as an inhibitory subunit of PI3KC3-C2 (Matsunaga et al. 2009;
Sun et al. 2010; Sun et al. 2011; Yun Zhong et al. 2009a; Tabata et al. 2010).
Rubicon is important in its own right as a widely expressed autophagy inhibitor
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and an exemplar of a larger family of related proteins. Our structural and
mutational results show that inhibition and binding are driven strongly by the
BECNT1 interaction, but also by interactions with UVRAG BARAZ2. Consistent with
this, we replicated in vitro the previous biological observations that Rubicon binds
to PISBKC3-C2 much more strongly than -C1. Rubicon is a positive regulator of
LC3-associated phagocytosis (Martinez et al. 2015), a pathway whose machinery
partially overlaps with that of autophagy. It remains to be seen how the results
presented here bear on the role of Rubicon in this distinct pathway. With respect
to the generality of the findings beyond Rubicon itself, Pacer also contains a
region similar to the critical PIKBD-a1 BECN1 inhibitory region, and this region
has been shown to contribute to Pacer's interaction with PI3BKC3-C2 (Cheng et
al. 2017). We found that HIV-1 Nef also contains such a sequence, and
confirmed that HIV-1 Nef directly inhibits PI3KC3-C2, but not PI3KC3-C1, on
GUV membranes.

Our observation that T-BP is capable of strongly activating both PI3KC3-
C1 and C2 in a purified system establishes a new mechanism for direct BECN1
and PI3KC3 activation, and helps explain why T-BP is such a potent and broad-
based activator of autophagy. T-BP has another mode of action in that it binds to
an autophagy inhibitor, Golgi-associated plant pathogenesis-related protein 1
(GAPR-1) (Shoji-Kawata et al. 2013), and thereby reverses inhibition by GAPR-1.
T-BP induces autophagy more potently than GAPR-1 knockdown in some
contexts, however, leading Shoji-Kawata et al. (2013) to propose that other
unknown mechanisms likely worked in parallel. Here, we have identified such a
mechanism. We found that BECN1 itself is a target of T-BP, that both PI3KC3
complexes are potently activated by T-BP. The BECN1 BARA itself therefore
appears to be an attractive target for the creation of novel autophagy inducing
agents.

BECNT1 is a key node in the autophagic interactome (Levine et al. 2016)
yet as the smallest of the three non-catalytic subunits of PI3KC3 complexes, it
has not been completely clear why BECN1 evolved to be such an important focal
point for autophagy regulation. The results described here highlight the centrality
of membrane docking by the BARA domain both as a mechanism for BECN1 to
promote PI(3)P formation and autophagy, and as a pivot point for regulation.
Binding of the regulators Bcl-2 (Oberstein, Jeffrey, and Shi 2007) and NRBF2
(Ohashi et al. 2016; L. N. Young et al. 2016), and phosphoregulation (Russell et
al. 2013) of BECN1, are centered near its N-terminus, remote from its C-terminal
BARA domain. While Rubicon, HIV-1 Nef, and T-BP regulate the strength of
membrane binding, these other above-mentioned interactors and modifications
seem to modulate the strength of the BECN1-VPS34 interaction. These ideas
and the data provided here lead to a simple overarching scheme for PI3KC3
regulation by BECN1. N-terminus-directed regulation controls the affinity of the
BECN1 subcomplex for the VPS34-VPS15 subcomplex in this scheme, while C-
terminus-direct regulation by Rubicon controls the affinity of BECN1 for the
membrane.

Here, we showed that several prominent positive and negative modulators
of autophagy and PI3KC3 activity, namely Rubicon, HIV-1 Nef, and T-BP, act by
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directly controlling the ability of PI3KC3 complexes to dock onto membranes via
the BECN1 BARA domain (Figure 4.21). While it has been clear for some time
that BECN1 is a central node for autophagy regulation, it has been much less
clear how BECN1 might actually switch autophagy on and off. The observations
here have finally shed light on this question by showing how BECN1 BARA
dynamics can be modulated to bring lipid kinase activity above or below baseline,
providing a versatile bidirectional regulatory mechanism. This mechanism
explains autophagy regulation that is known to occur in normal physiology and in
infection, and is harnessed by a potential therapeutic autophagy inducer.
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Schematic for bidirectional regulation of PI3KC3 in normal physiology, infection, and therapeutic
intervention.
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4.5 Methods

4.5.1 Plasmid construction

Synthetic DNA encoding human RUBCN was cloned into the pCAG vector with
an N-terminal MBP tag followed by a tobacco etch virus (TEV) cleavage site.
RUBCN truncation constructs and mutants were subcloned into the pCAG vector
with MBP tag. Genes encoding PI3SKC3 core subunits were cloned into the pCAG
vector with an N-terminal twin-STREP-FLAG tag. BECN1-(GGS)4-RUBCN fusion
and BECN1 mutants were subcloned to the pCAG vector with twin-STREP-FLAG
tag. For BECN1BS1PLconstruct, the residues 262-287 of wild type BECN1 were
replaced by a polar peptide comprises the amino acid sequence
GSDEASEGSGLSSPSALN-SLSSPSAL. DNA encoding UVRAG was cloned into
the pCAG vector with an N-terminal GST tag followed by a TEV cleavage site.
The GST tag was replaced by mCherry to generate the mCherry tagged UVRAG
construct. mStrawberry-Rubicon PIKBD mutant was constructed from
mStrawberry-human Rubicon WT (Tabata et al., Mol. Biol. Cell,2010). The amino
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acids of Rubicon (488 DELKENAHF 496) were replaced by Alanine to make
Rubicon PIKBD mutant. All constructs were verified by DNA sequencing.

4.5.2 Protein expression and purification

Protein expression and purification was performed as described previously
(Baskaran et al., 2014; Stjepanovic et al., 2017). Transient transfections were
performed using polyethylenimine (Polysciences), and cells were harvested after
48 to 72 h expression. Cells were lysed with lysis buffer (50 mM HEPES pH 7.4,
1% Triton X-100, 200 mM NaCl, 1 mM MgClI2, 10% glycerol, and 1TmM TCEP)
supplemented with EDTA free protease inhibitors (Roche). The lysate was
clarified by centrifugation (15000 rpm for 1 h at 4 °C) and incubated with
glutathione Sepharose 4B (GE Healthcare) or amylose resin (New England
Biolabs) for 2 h at 4 °C, applied to a gravity column, and washed extensively with
wash buffer (50 mM HEPES pH 8.0, 200 mM NaCl, 1 mM MgCI2, and 1mM
TCEP). The target complexes were eluted with wash buffer containing 50 mM
reduced glutathione or 20 mM maltose, and treated with TEV protease at 4 °C
overnight. TEV-treated complexes were loaded on a Strep-Tactin Sepharose
gravity flow column (IBA, GmbH) at 4 °C. The target complexes were eluted with
wash buffer containing 10 mM desthiobiotin (Sigma), and applied to Superose 6
16/50 (GE Healthcare) column equilibrated with gel filtration buffer (20 mM
HEPES pH 8.0, 200 mM NaCl, 1 mM MgCl2, and 1 mM TCEP). Peak fractions
were collected and used immediately for subsequent assays.

4.5.3 Pull down assay

Transient transfection was performed in 20 mL suspended cells for each
condition. Cells were harvested after 48 h expression, and lysed with 2 mL lysis
buffer (50 mM HEPES pH 7.4, 1% Triton X-100, 200 mM NaCl, 1 mM MgClI2,
10% glycerol, 1mM TCEP and protease inhibitors). The lysate was clarified by
centrifugation (15000 x g for 30 min, at 4 °C) and incubated with 30 uL
glutathione Sepharose 4B or amylose resin for 4 h at 4 °C. The protein-bound
resin was washed with lysis buffer for 5 times, and then wash buffer (50 mM
HEPES pH 8.0, 200 mM NaCl, 1 mM MgCI2, and 1TmM TCEP) for 3 times. The
proteins were eluted with 100 yL wash buffer containing 50 mM reduced
glutathione or 20 mM maltose. The eluted proteins were applied to SDS-PAGE
for analysis.

4.5.4 HDX-MS

Amide hydrogen exchange mass spectrometry (HDX-MS) was initiated by a 10-
fold dilution of stock wild type and Rubicon fragment associated PIS3KC3-C2
complexes (5 pM) into D20 buffer containing 20 mM HEPES (pD 8.0), 200 mM
NaCl, 1 mM MgCI2 at 30 °C. Incubations in deuterated buffer were performed for
10 to 90 s. Backbone amide exchange was quenched at 0 °C by the addition of
ice-cold quench buffer (400 mM KH2PO4/H3PO4, pH 2.2). Quenched samples
were injected onto a chilled HPLC setup with in-line peptic digestion and
desalting steps. Desalted peptides were eluted and directly analyzed by an
Orbitrap Discovery mass spectrometer (Thermo Scientific). Initial peptide
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identification was performed via tandem MS/MS experiments. A Proteome
Discoverer 2.1 (Thermo Scientific) search was used for peptide identification.
Mass analysis of the peptide centroids was performed using HDExaminer (Sierra
Analytics), followed by manual verification of each peptide. The relative deuteron
content of the peptic peptides covering PI3KC3-C2 complexes was determined
from the centroid of the molecular ion isotope envelope. The average error (n =
3) of all time points and conditions for each HDX experiment was approximately
0.7%.

4.5.5 Lipid kinase assay with SUVs

Small unilamellar vesicles (SUVs) were used as the lipid substrate for lipid kinase
assay. Briefly, lipid mixture with a molar composition of 60% POPC, 20% POPE,
10% POPS, and 10% POPI or 60% brain PC, 20% brain PE, 10% brain PS, and
10% liver Pl was desiccated overnight, resuspended in SUV buffer (20 mM
HEPES pH 8.0, 200 mM NaCl), and then sonicated to make a 0.5 mg/ml stock.
The lipid kinase assay was carried out using ADP-Glo Kinase Assay (Promega).
Freshly purified PISKC3-C2 and Rubicon associated PI3KC3-C2 complexes were
pre-incubated with sonicated SUVs in the reaction buffer (20 mM HEPES pH 8.0,
200 mM NaCl, 1 mM MnCI2, 1mM TCEP). The reaction was initiated by adding
10 x ATP (250 uM), and incubated at room temperature for indicated time.
Control reactions without ATP were set up for all proteins. An ATP-depletion
reagent was added to terminate the lipid kinase reaction, deplete the remaining
ATP, leaving only ADP. Then a kinase detection reagent was added to convert
ADP to ATP, which is used in a coupled luciferase reaction. The luminescent
output was measured with a GloMax-Multi detection system (Promega) and was
correlated with kinase activity.

4.5.6 Negative stain EM sample prep, data collection, and processing
Negatively stained samples of PI3KC3-C2:MBP-Rubicon PIKBD were prepared
on continuous carbon grids that had been plasma cleaned in a 10% O2
atmosphere for 10 s using a Solarus plasma cleaner (Gatan Inc., Pleasanton,
CA). Procedures were generally as previously reported (Baskaran et al., 2014;
Young et al., 2016). 4 pl of PI3BKC3-C2:MBP-Rubicon PIKBD at a concentration
of 30 nM in 20 mM Tris, pH 8.0, 200 mM NaCl, 2 mM MgCI2, 1 mM TCEP, and
3% trehalose were placed on the grids and incubated for 30 s. The grids were
floated on four successive 40 pl drops of 1% uranyl formate solution incubating
for 10s on each drop. The stained grids were blotted to near dryness with a filter
paper and air-dried. PI3KC3-C2:MBP-Rubicon PIKBD sample was imaged using
an FEI Tecnai 20 electron microscope (FEI, Hillsboro, OR) operated at 120 keV
at a nominal magnification of 81,000x (1.5 A per pixel) equipped with a US4000
CCD camera (Gatan) using a defocus range of —-2.5 to —1.0 ym with an electron
dose of 35 e-/A2. Data was collected via Leginon data collection software
(Suloway et al., 2005). The power spectrum of each image was estimated with
gCTF and particles were picked template-free with Gautomatch. Images were
processed in RELION (Kimanius et al., 2016) to generate 2D reference-free
classifications.
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4.5.7 Cryo-EM sample preparation and data acquisition

Protochips C-flat 2/2 of 400 mesh grids were coated with a carbon support, and
glow-discharged in the presence of amylamine for 60 seconds. A sample of
PI3KC3-C2 containing the following subunits: VPS15-VPS34 fusion, UVRAG,
BECN1-12 residue linker-Rubicon PIKBD fusion was incubated on a grid for 1
minute at 15°C, 100% humidity. The sample was protected with 0.01% (v/v)
NP40 substitute and 1% (w/v) trehalose. The sample was blotted for 3 seconds
and then plunge frozen within Mark IV Vitrobot into a 50/50 mix of
ethane/propane. The grid was transferred to a FEI Krios microscope operating at
300 kV and collected with a GIF Quantum energy filter (Gatan), and images
acquired with a Gatan K2 Direct Electron Detector with a final pixel size of 0.575
A. Defocus was randomized between -1.3 to -3.3 microns. SerialEM was used to
collect an automated dataset of 4,202 micrographs.

4.5.8 Cryo-EM image processing

Individual frames were motion corrected with MotionCor2 (Li et al., 2013) with
internal two-fold Fourier binning, discarding the initial two frames, 5 by 5 patch
based alignment and dose-weighing up the total exposure of 59.7 electrons/A2.
The contrast transfer function was estimated on the full non-dose weighted
micrographs with gCTF version 1.06 (Zhang, 2016). Non-template based picking
was performed from non-dose weighted micrographs in Gautomatch, resulting in
388K particles. Particles were extracted in a 352 pixel box, with 8-fold binning
and subjected to 2D classification in Relion-2.0 (Kimanius et al., 2016). Following
2D, classes with strong features corresponding to 95K particles were selected
and an ab initio reconstruction was generated in cryoSPARC (Punjani et al.,
2017), resulting in an 8.8 A map with a Bfactor of -730. The particle angles and
reference volume were imported and refined in Relion-2.0 to 8.1 A and a bfactor
of -439. Template-based picking was performed with Gautomatch using seven
2D class averages from Relion-2.0, using the 2D projections from the 8.1 A
reconstruction. The resulting 921,474 particles were extracted and binned by 8,
then subjected to 2D classification, cleaning up the data to 622,843 particles.
These particles then went through 3D classification, still using bin 8. The
resulting 305,942 particles were re-extracted at bin 2, and re-centered. Another
round of 3D classification was performed on these 305,942 particles, using a
reference map low pass filtered to 60 A, tau was set 10. The resulting most
populated class of 133,007 particles was further refined to 8.6 A, with a bfactor of
-454 A2. Then, 2D classification without angular sampling was performed,
selecting 101,903 particles that were refined to 7.7 A with a bfactor of -393 A2.
These 101,903 particles were subjected to 3D classification, without angular
sampling, with tau set to 16. Two of the three classes were selected, resulting in
72,869 particles, which refined to 7.7 A and a bfactor of -342 A2. These 72,869
particles were subjected to another round of 2D classification without angular
sampIiRg. A final selection of 42,708 particles were refined to 6.8 A with a bfactor
of -50 A2.
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4.5.9 CryoEM Modeling

A model from a 4.5 A crystal structure (PDB: 5DFZ) was placed into a 8.6 A
reconstruction using UCSF Chimera using the fit Map in Model tool. In Chimera,
model 5DFZ (in Chimera, #0) was split into 6 chains (command: split #0), the
nanobody (chain E) and putative N-terminus of Atg6 (chain G) were removed
(select #0:.G; delete selected), leaving yAtg6 (hnBECN1), yVps38 (hUVRAG),
yVps15 (hVPS15), and yVps34 (hVPS34). The models for the kinase domains of
yVps34 and yVps15 were then selected and deleted. The remaining models were
then fit sequentially within the 8.6 A EM volume generated in this study (in
Chimera, map #1). This volume (map #1) was then colored based on its physical
proximity to the now fitted model (#0) and then segmented, creating a new EM
volume. This newly generated reference volume allowed the very flexible VPS34
and VPS15 kinase domains to be excluded from further refinements. This volume
was saved and imported into Relion-2.0. When the refinement reached 7.7 A, an
extra helix, possibly accounting for Rubicon PIKBD could be visualized, the
model was then updated to include the human crystal structure of the BECN1
BARA domain, thereby replacing the yAtgé BARA domain of model SDFZ. The
“OH” (overlap helix) of 4DDP was removed because in the full 4-subunit apo
complex, these residues correspond to the C-terminal part of the BECN1 coiled-
coil. The OH was replaced with a longer helix of 34 residues corresponding to
Rubicon PIKBD. The rest of the model was adjusted, manually, in Coot using
real-space refinement tools, and placement of helices when appropriate. For
VPS15, Swiss-modeler was used to replace the yeast model with numbering
from human residues. For the C2 VPS34 domain, and BECN1 and UVRAG
coiled coils, sequence alignments were used.

4.5.10 Giant unilamellar vesicle (GUV) assay

GUVs were prepared as previously described (Wollert et al., 2009). Lipids with
different compositions were spread on indium-tin oxide-coated glass slides, and
dried overnight in a desiccator. For comparing the activity between different
PI3KC3 complexes, lipid mixture with a molar composition of 50% brain PS and
50% liver Pl was used. For the BECN1 peptide assay, lipid mixture with molar
composition of 40% brain PC, 20 % brain PE, 20% brain PS, and 20% liver PI
was used. The lipid film was electro-formed in 400 mM sucrose for 1 h at 60 °C
(10 HZ, 1V). GUVs were then stored at room temperature and used within 48 h.
Freshly purified mCherry tagged PISBKC3-C2 complexes and GUVs were
incubated in GUV dilution buffer (20 mM HEPES pH 8.0, 190 mM NaCl, 1 mM
MnCI2, 1 mM TCEP, 20 yM ATP) at room temperature. A GFP tagged FYVE
domain of human Hrs was used as the probe of PI(3)P. The concentration of
PI3KC3 was 50 nM, and GFP-FYVE concentration was 7 uM. After 5 min
incubation, time-lapse images were acquired in multitracking mode on a Nikon
A1 confocal microscope with a 63 x Plan Apochromat 1.4 NA objective. Identical
laser power and gain settings were used during the course of all conditions.
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4.5.11 GUV image quantitation

Data analysis of GUV fluorescence intensities over time was done
computationally by a custom developed iPython (Perez and Granger, 2007)
code. To mitigate drift of the GUVs, two-channel GUV movies were split into
individual channels and frames. Using scikit-image (van der Walt et al., 2014)
and OpenCV (Bradski, 2000), for each frame, a thresholding and Hough circle
transformation was performed to automatically detect the outline of GUVs and
retrieve their individual intensities. Detected GUVs were then matched frame by
frame in the same movie to obtain intensity trajectories. Multiple intensity
trajectories were calculated from multiple data-sets and the average and
standard deviation calculated and reported.

4.5.11 Cell culture

Cells were grown in DMEM supplemented with 10% FBS, 2 mM glutamine, 100
U/ml penicillin, and 100 U/ml streptomycin in a 37°C incubator with a humidified,
5% CO2 atmosphere. Transient transfections were performed using
Lipofectamine 2000 (Invitrogen) according to the manufacturer’s instructions. For
FYVE puncta analysis, U20S cells were starved with EBSS for 2 h after
transfection with GFP tagged 2 x FYVE domain of EEA1 and Flag tagged
Rubicon, cells were then fixed in 4% formaldehyde for 10 min at room
temperature. After washing twice in PBS, cells were incubated in PBS containing
10% FBS and 0.1% saponin to block nonspecific sites of antibody adsorption.
The cells were then incubated with appropriate anti-Flag antibody (Sigma) and
Alexa Fluor 546 secondary antibody (ThermoFisher) in 0.1% saponin. Confocal
images were captured in multitracking mode on a Nikon A1 confocal microscope
with a 63 x Plan Apochromat 1.4 NA objective. To quantify the number of GFP-
FYVE puncta, a total of 50 cells were recorded and analyzed with Image J.

4.5.12 Generation of the Rubicon KO cell line using CRISPR/Cas9 gene
system

The Rubicon KO cell line was generated using CRISPR guide RNAs (5'-
cacccgggggtccaagttgeccaa -3’, and 5’- aaacttggcaacttggacccccg -3’) that targets
exon 6 in chromosome 3; the common exon of all protein coded splicing variants.
Annealed guide RNAs oligonucleotides were inserted into the px458 vector, and
the gRNA construct was transfected into HeLa cells using ViaFect™ (Promega)
transfection reagent. GFP positive single-cells were sorted into the 96 wells plate
by FACS. Candidate single-clone colonies were verified by immunoblotting using
anti-Rubicon antibody (D9F7, lot#1, 8465S, cell signaling technology) and
Genomic DNA sequence (amplifying primer set; 5'-
atatggatccccactggtgacagtgagtgtc -3’, and 5'- atatgaattctttcagtctctgcactagceca -3°).
The selected Rubicon KO clone had +1 and -7 frameshift indels, and no Rubicon
and fragmented gene products bands by immunoblotting.

4.5.13 Autophagic flux assay
The autophagic flux assay was performed as described previously (Mizushima et
al., 2010). Briefly, after twenty-four hours of the transfection with mStrawberry,
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Rubicon, or Rubicon-mutant to the WT and Rubicon KO cells using
Lipofectamine 2000 reagent (Invitrogen), cells were treated with 125 nM of
Bafilomycin A1 (BioViotica, Dransfeld, Germany), a lysosomal inhibitor, for 2
hours in EBSS. Harvested cells were analyzed by the western blotting with anti-
LC3 antibody (MBL), and the autophagic flux was estimated by the comparison
of two samples with or without the inhibitor treatment. The transfection efficacies
and loading protein amounts were confirmed by the western blotting with anti-
RFP antibody (MBL) and Ponceau S staining, respectively.

4.5.14 Molecular dynamics simulations

The MD simulations of the membrane-attached BECN1 BARA domain started
from the crystal structure (PDB ID: 4DDP (Huang et al., 2012)). We removed the
overlap helix (residues 248-264), used Modeller (Benjamin and Andrej, 2016) to
add loop residues 265-268, 387, and 448-450 missing in 4DDP, and capped N-
and C-termini by acetylation and amidation, respectively. The structure was
protonated at pH 8 using the H++ webserver (http://biophysics.cs.vt.edu)
(Anandakrishnan et al., 2012). We placed the protein near a membrane bilayer
containing 40% DOPC, 20% DOPE, 20% DOPS, and 20% POPI, as prepared
with charmm-gui (http://www.charmm-gui.org) (Jo et al., 2008). The system was
solvated with TIP3P water (Jorgensen et al., 1983) and ions (200 mM NaCl).
Steepest-descent energy minimization was followed by a short (1 ns) pre-
equilibration MD run using the Gromacs molecular dynamics software (vers.
2016.5) (Abraham et al., 2015) using the charmm36 force field for lipids (Klauda
et al., 2010) and proteins (Best et al., 2012). All simulations were carried out at
300 K and, if at constant pressure, at 1 bar with semiisotropic pressure coupling.
The aromatic finger (residues 359-361) was pulled inside the membrane. All
pulling was done in an NVT ensemble at a constant force of 500 kJ mol-1 nm-1.
Once the aromatic finger was inserted into the membrane, we equilibrated the
system in an NPT ensemble for 23 ns, applying soft restraints on the z-positions
of the aromatic finger residues. After removing the position restraints, we
performed 335 ns of MD simulation in an NPT ensemble using the velocity-
rescaling thermostat (Bussi et al., 2007) and the Parrinello-Rahman barostat
(Parrinello and Rahman, 1981).

Simulations with unlocked B-sheet 1, residues 265-287 were modeled as a
loop using Modeller (Benjamin and Andrej, 2016). Protonation, system
preparation, and pre-equilibration followed the preceding protocol. The aromatic
finger was pulled into a membrane of the same composition, followed by 30 ns of
equilibration. Subsequently, Phe270 and Phe274 were pulled into the membrane
with restraints on the z-positions of the anchored aromatic finger. The system
was equilibrated in an NPT ensemble for 70 ns with soft z-position restraints on
the aromatic finger, and on Phe270 and Phe274. The restraints were then
removed and a simulation run was carried out for 242 ns.
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