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Abstract

In response to intracellular stress events ranging from starvation to pathogen invasion, the cell
activates one or more forms of macroautophagy. The key event in these related pathways is the de
novo formation of a new organelle called the autophagosome, which surrounds and sequesters
either random portions of the cytoplasm or selectively targets individual intracellular challenges.
Thus the autophagosome is a flexible membrane platform with dimensions that ultimately depend
upon the target cargo. The intermediate membrane, termed the phagophore or isolation membrane,
is a cup-like structure with a clear concave face and a highly curved rim. The phagophore is
largely devoid of integral membrane proteins, thus its shape and size are governed by peripherally-
associated membrane proteins and possibly by the lipid composition of the membrane itself.
Growth along the phagophore rim marks the progress of both organelle expansion and ultimately
of organelle closure around a particular cargo. These two properties, a reliance on peripheral
membrane proteins and a structurally-distinct membrane architecture, suggest that the ability to
target or manipulate membrane curvature might be an essential activity of proteins functioning in
this pathway. In this review, we discuss the extent to which membranes are naturally curved at
each of the cellular sites believed to engage in autophagosome formation, review basic
mechanisms used to sense this curvature and then summarize the existing literature concerning
which autophagy proteins are capable of curvature recognition.
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Membrane curvature on the growing autophagosome. Subdomains of the growing
autophagosome present unique membrane architectures that likely recruit or activate subsets of
macroautophagy proteins.
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The phagophore is an autophagic intermediate with a unigue membrane

architecture

The mechanistic details of autophagosome formation are only beginning to emerge, but the
unique morphologies of the organelle and its intermediates have long been apparent by
electron microscopy (EM). Mature autophagosomes were readily observed as early as the
1960’s and defined as double-membrane vesicles filled with cytoplasmic material (e.g.1).
Conditions that lead to enrichment of these structures such as starvation, also lead to the
accumulation of other objects that were inferred to be autophagosome intermediates. The
most striking structural intermediate is a cup-shaped double membrane called the
phagophore or isolation membrane (IM; Figure 1). In EM sections the phagophore appears
as a semi-circular cisterna from 0.3 to 3um in diameter. The wall of the structure is
composed of two membrane bilayers in very close apposition; continuity of the convex- and
concave-facing phagophore membranes generates a subregion that we call the phagophore
rim (Figure 2).

Topologically, this arrangement is reminiscent of multi-vesicular bodies during luminal
vesicle budding events; however the very close apposition of the two autophagosome
bilayers suggests that the curvature at the phagophore rim is particularly dramatic. We have
conducted a survey of the autophagosome literature in which electron microscopy was used
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to image these structures arising from a wide range of different model systems in an attempt
to estimate typical dimensions of the phagophore (Table 1). EM from many groups using
varying fixation and preservation strategies suggests that the separation between membranes
in the luminal space of the phagophore is less than 30 nm (the limit of measure we can
easily make in reproduced images from publications) and in many cases is essentially not
detectable (ex.2). Thus, the radius of curvature at the rim in these same structures may also
be less than 30 nm (Figure 2) and often appears to be at or below the limiting radius of
curvature for a protein-free bilayer (Table | and 3).

More recent studies using electron tomography have unambiguously confirmed the
phagophore’s bowl-like structure. In addition to corroborating previous observations, these
studies also identify short, narrow tubular connections between the endoplasmic reticulum
(ER) and the phagophore, termed “IM-associated tubular/vesicular structures” (IMATS) 4.
Like the rim of the phagophore, these membrane structures are also highly curved (~ 30 nm
diameter). Their direct connection between the ER and the phagophore suggests that
phagophore expansion may be mediated by membrane flow from the ER% 45, possibly
suggesting that specific lipids or proteins are sorted into the phagophore via this
intermediary.

Eventually the phagophore closes upon itself, and in higher eukaryotes, moves away from its
point of origin. These mature autophagosomes are spherical, but are large enough that the
cytoplasm-facing membranes do not exhibit the kind of significant curvature ordinarily
recognized by single proteins --diameters vary from ~300 nm in yeast to several hundred in
mammals; Figure 1 and Table I. Thus during maturation, this organelle proceeds from a
morphologically diverse mixture of sub-regions exhibiting very strong positive and negative
curvature to a closed sphere with homogeneous membranes that are read as “flat” at the
single molecule level. In addition, a number of other organelles in the cell also contribute to
autophagosome growth, each with their own natural capacity to adopt some level of local
membrane bending (Figure 1). Thus how and whether proteins recognize membrane
curvature is likely to play a critical role in the activation or recruitment of autophagy-
relevant factors.

Peripheral proteins control autophagosome growth

Despite the apparent continuity of the ER and phagophore membrane® in mammals, ER-
derived transmembrane proteins are generally excluded from the autophagosome. Indeed,
the paucity of integral membrane proteins in the autophagosome was predicted early on
from the smooth appearance of autophagosomes in freeze-fracture EM, a feature used to
uniquely identify autophagosomes prior to the discovery of any autophagy-specific protein
markers’~10. Among proteins identified from the first yeast screens for atg genes, sequence
analysis shows only Atg9 and Atg27 contain transmembrane domains, but whether either
protein so much as transiently resides within the phagophore membrane remains
controversial 11. Recent studies also identify putative transmembrane domains in S.
cerevisiae Atg39 and Atg4012; however these integrate into membranous autophagic cargo
rather than the phagophore or autophagosome membrane itself. In fact, it is possible that the
structure of the junction joining the ER and isolation membrane actively excludes integral
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membrane proteins. For example, from immuno-EM and immunofluorescence 2 1013 it is
clear that the P1(3)P-binding autophagy protein WIPI and the PI(3)P sensor, GFP-FYVE,
bind the entire phagophore surface. The addition of a transmembrane domain to GFP-FYVE
relegates the sensor to a ring around nascent phagophores, suggesting it is actively excluded.
Studies ascribing a mitochondrial membrane origin for phagophore biogenesis describe a
similar exclusion of transmembrane domains, even as single leaflet anchors are efficiently
delivered 14,

Thus, the absence and potential exclusion of integral membrane proteins suggests that
instead peripheral proteins comprising the autophagic machinery must directly recognize
features of the nascent membrane. These features will include direct detection of individual
lipids (especially PI(3)P) but also likely rely upon recognition of membrane architecture
including the strident curvature of the rim and of the junctions with donor organelles.

Sensing membrane curvature or lipid composition

In the following sections we will briefly discuss protein motifs involved in sensing or
inducing membrane curvature. For the most part, we use the term “curvature-sensing” even
when /n vitrowork, such as the tubulation of small vesicles, could be interpreted as an
example of curvature induction. In practice, the functional distinction is often a matter of
protein concentration and ionic conditions, and whether curvature induction is
physiologically relevant must be established by other methods. Two general mechanisms of
curvature sensing are well-described (Figure 3). These rely on the protein’s (1) scaffolding
of the target membrane or (2) asymmetric membrane insertion. These mechanisms have
been extensively reviewed elsewhere (see for example 15-17 and 18), so here we explain them
only briefly.

Scaffolding is the most intuitive and relies predominantly on direct interaction with the
phospholipid headgroups. If a protein or protein complex adopts a shape that mirrors the
organization of the bilayer and interacts with the lipid head groups of this bilayer weakly,
this protein will accumulate on membranes exhibiting the same shape (Figure 3). Proteins
that contain BAR (Bin/amphiphysin/Rvs) domains are the proto-typical example; BAR
domains include long helices that assemble into crisscrossed dimers with a second BAR-
domain containing protein. These dimers adopt an arc-like configuration and the degree of
bending in the arc mirrors the curvature in the target membrane, even including membranes
with a negative (concave) curvature (e.g. 18 19). Proteins can also oligomerize into larger
scaffolds that adopt a curved organization and thus will be found on similarly curved
membranes. In both cases, as the affinity of the protein for the membrane increases, protein-
dependent remodeling of the bilayer can instead be favored (where flat membranes are
forced to adopt the curvature of the adhering protein complex).

In contrast, asymmetric membrane insertion relies upon the engagement of protein motifs
with both the phospholipid headgroups as well as with the hydrophobic core of the bilayer.
The degree to which a protein motif will be inserted into a bilayer is related to its
partitioning coefficient, such that more hydrophobic structures will partition into the
membrane more effectively. For example, classic membrane-binding amphipathic helices
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have one surface that is rich in highly hydrophobic amino acids including especially the
aromatics tryptophan, phenylalanine and tyrosine. This surface is often bracketed by basic
amino acids. Together these features are naturally recruited to biological membranes. In
contrast, curvature-sensing amphipathic helices are a little less effective at binding
membranes. They may have a polar surface that is missing any charged amino acids that
would otherwise contribute to electrostatic engagement of the membrane or they can exhibit
much less hydrophobicity on their membrane-apposing face; in either event, these proteins
have a lower partitioning energy. In this case efficient membrane binding only becomes a
possibility when the membrane is destabilized, usually with phospholipid compositions that
do not naturally pack well into planar lamellar arrays, such as those rich in conical
phospholipids (Figure 3B). At membranes that are very stridently curved, the packing of the
lipids themselves can be compromised in a way that resembles conical-phospholipid rich
membranes. At these sites, insertion of protein motifs like curvature-sensing amphipathic
helices is often favored (Figure 4).

Additional membrane specificity can also be provided by interactions between charged lipid
headgroups and the alpha helix’s hydrophilic face. The prevalence of charge on this face is
often an indication that the helix will target a strongly anionic membrane and thus is likely
used at peripheral structures (the plasma membrane or some endosomes). In contrast, Bruno
Antonny and colleagues have described a mostly charge-free amphipathic helix termed the
ALPS motif that is instead rich in polar serines and threonines 20; e.g. the helices on
ArfGAP1 in Figure 4). This sort of helix has been implicated in targeting intracellular,
charge-poor membranes like the golgi or ER. In autophagy, curvature-sensitive amphipathic
helices have now been identified on multiple proteins operating both at the growing isolation
membrane and also on distal compartments contributing to autophagosome growth and
include both ALPS motifs (Atg14L) and charged helices (Atg3), perhaps consistent with
biogenesis models that implicate multiple membrane sources.

Asymmetric insertion is also the curvature-sensing mechanism used by the reticulon fold (2!
and Figure 3A), a pair of membrane-embedded helices that assemble into a protein wedge
and naturally concentrate at highly curved regions of the endoplasmic reticulum. Reticulon
motifs have not been implicated in autophagosome biogenesis, but likely do play a role in
the recognition and targeting of certain cargo (described below).

Recruitment to the phagophore rim

An intriguing model for the utilization of curvature sensing during autophagosome
biogenesis is that the proteins are recruited specifically to the phagophore rim (22 and Figure
4B). This targeting could serve two purposes: 1) to sculpt and stabilize this stridently bent
membrane and 2) to temporally limit the protein activity to developing phagophores because
this curvature will only exist on immature autophagosomes. Closed mature autophagosomes
have membrane curvatures that appear flat at the single molecule or single protein level.
Thus there is tremendous interest in defining the set of proteins unique to or at least enriched
at the phagophore rim. However, despite extensive microscopy on autophagic structures,
evidence for specific targeting remains limited.
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The first demonstrated marker of the rim was actually not a protein, but rather a set of
glycosylations typically found at the ER, Golgi and the late secretory compartment.
Employing lectin immunochemistry on EM sections, Tashiro and colleagues showed that at
the phagophore, lectins are enriched at or adjacent to the phagophore rim 23, They speculate
this may represent a local pool of donor membrane sourced from the secretory pathway.

Fluorescence microscopy approaches have generally been unable to describe sub-domains of
the phagophore, because in most cases, phagophores are less than ~500 nm across (Figure 1)
and thus very near the resolution limit of conventional microscopy. However, when selective
autophagy targets very large cargoes, the phagophore must necessarily grow to larger
dimensions. In a series of clever experiments, the Ohsumi group exploited this principle to
begin to map subdomains in yeast. They developed a frustrated cytoplasm-to-vacuole
targeting system (CVT) in which they force the CVT cargo Apel to grow into a non-
physiological extremely large oligomer 24. Under these conditions, phagophores growing
around the oligomers extend out to a few micrometers and are ultimately unable to complete
engulfment. In fluorescence images, these frustrated phagophores appear as cup-like
structures. Some proteins including Atg8 decorate the whole of the structure while others
define punctate subdomains, one along the broad convex surface that appears to delimit
autophagosome-vacuole interaction sites and a second domain that is near the rim. Proteins
localizing to the rim include Atg2, Atg18 and Atg9. How this targeting is determined is not
yet clear, these proteins do not have described curvature-sensing motifs. Possibly they are
targeted via interactions with other molecules. To this end, it is interesting that this site is
also immediately adjacent to ER exit site (ERES) protein complexes on the ER and so
perhaps organelle-organelle junctions are also playing a critical organizing role. Whether
these protein localizations are physically on the rim and whether they are present along the
entirety of the rim are not clear; the two-dimensional nature of conventional fluorescence
microscopy simply resolves them as puncta. Future studies will hopefully include
fluorescence nanoscopy approaches such as PALM/STORM?25 and STED in three
dimensions.

Purified autophagosomes from one particular species can have a relatively narrow
distribution of sizes (e.g. 25), but it is clear that the typical autophagosome size varies
dramatically across different species and cell types. Thus, it may also be possible to resolve
rim-like distributions in species with naturally large phagophores. For example, Bianchi and
co-workers have shown that the growing phagophore in the plant species Arabidopsis is
sufficiently large to distinguish Atg8 and Atg5 labeling 27. Further, Atg5 demarcates a
toroidal ring that first grows with the phagophore and then shrinks before disappearing
altogether. In three-dimensional reconstructions they establish that this toroid is likely facing
the ER throughout the phagophore growth, and they postulate that the toroid is in fact the
limiting rim of the membrane. Consistent with Atg5’s known role as an E3-like complex for
Atg8 lipidation, this localization could put the complex at the right place to recruit or
activate local Atg3 (see below). Whether this result is generalizable to other systems is
unclear however. Arabidopsis Atg5’s localization appears different from that of its
mammalian counterparts, as both mouse Atg5%8 and Atg16L2 localize uniformly along the
phagophore surface by immuno-EM. Likewise, live fluorescence imaging of Atg16L also
suggests a continuous cup-shaped distribution??. A plausible alternative interpretation then
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could be that Arabidopsis Atg5 is forming a ring someplace else, for example around a
region of membrane that marks the site of autophagosome efflux from the ER and includes
most of the nascent cup-shaped membrane. Ultimately imaging conditions that reveal both
the lipids and the proteins will be necessary to firmly establish the morphological context of
this label.

Curvature sensing proteins in autophagy

The majority of conserved autophagy-related (Atg) proteins were identified by genetic
screens in the 1990’s, and comprise at least five functional complexes. In both yeast and
mammalian cells, autophagy is initiated by the Atgl kinase complex (ULK1 in mammals),
which consists of Atg proteins 13, 29, 31, 17 and the eponymous Atgl. PI(3)P is generated
locally by the Vps34 complex which includes Atg14, Vpsl5 and Atg6/Beclin. Phagophore
biogenesis also requires the recruitment of Atg9-positive membranes. As the phagophore
forms, two ubiquitin-related complexes become active; first the Atg5-Atg12/Atg16 complex
scaffolds the maturing phagophore and second this complex promotes the recruitment and
activation of the Atg7/Atg3 proteins driving the local lipidation of Atg8. Intriguingly, each
of these complexes has one or more components that have been implicated in curvature
sensing. In the following sections, we’ll discuss these examples including especially the /n
vitro mechanistic data that supports a role for these proteins at membrane curvature sites.

Atg9 vesicles and the Atgl kinase complex

Atg9 is an integral membrane protein with six transmembrane alpha helices!. The protein
localizes to several classes of membrane structures within the cell including especially upon
clusters of very small vesicles and tubules39-33. These vesicles are highly mobile and in
yeast appear to be the source of membrane used in the initial biogenesis of the phagophore
assembly site30. In mammals, the direct role of the vesicles is less certain, but loss of Atg9-
positive vesicles leads to a block in isolation membrane formation (e.g. 31). The origin of
these vesicles appears to vary across species. In yeast, Atg9-GFP vesicles are enriched near
the mitochondria or Golgi3%: 32, while in HEK293 cells, transmission electron microscopy
suggests MRFP-Atg9 containing vesicles and tubules emerge from many organelles
including multivesicular structures and recycling endosomes (RE) 31 34, Traffic out of the
RE is largely controlled by Rab-specific tubular protrusions. In the case of Atg9, this
involves the Rab GAP TBC1D14, which itself promotes tubulation3* and which also
engages the TRAPP 111 complex to ensure trafficking of Atg9 back to peri-Golgi
compartments3®, ahead of delivery to the nascent autophagosome. Through a variety of
imaging and biophysical approaches, Atg9-positive vesicles have generally been measured
at about 30 nm in diameter, smaller than most other transport vesicles. This suggests Atg9 is
present upon and/or may generate a highly curved vesicular intermediate important during
phagophore growth.

The pentameric Atgl complex in yeast, or the equivalent ULK complexes in mammals, are
directly involved in the recruitment of Atg9 vesicles during early autophagosome membrane
biogenesis. 36: 37, Atg1 itself has been shown to have curvature-dependent membrane
binding 38 and derives at least in part from a motif termed the EAT domain (Early
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Autophagy Targeting/Tethering)3°. In addition, the Atg1-binding protein Atg13 binds
membranes of high curvature38. Atgl/Atgl3 binds to Atg17/Atg29/Atg31 to form the
pentameric complex which can assemble into a higher-order dimer39. In vitro, this complex
also binds membranes of high curvature and is competent to tether liposomes together,
including Atg9-bearing liposomes, but whether membrane-binding or only protein-protein
interactions are principally involved in this tethering is unclear. In yeast, one consequence of
tethering might be to promote the fusion of Atg9 vesicles, which appears to be the first step
in phagophore formation30, however in mammals, correlative light electron microscopy and
cryoimmuno-EM of HEK293 cells suggest mammalian Atg9s remain at tubular and
vesicular structures and may not be integrated on autophagosome membranes3Z.

The biogenesis of these very small vesicles is only poorly understood. In principle, large
trans-membrane proteins can influence the size and shape of the compartments into which
they are delivered (e.g. 49, but see also 18 for review of mechanisms in which trans-
membrane proteins influence membrane shape). In fact, overexpression of Atg9 in yeast
causes the accumulation of small tubular-vesicular compartments30: 32, Likewise, Atg9 has a
natural propensity to homo-oligomerize which appears to be required to support

autophagy 4! and would further constrain the set of membrane architectures that could
accomodate this protein. Atg9 is also enriched at LC3-decorated tubular vesicular structures
in HEK293 cells*2. Thus it is possible that this protein has a natural propensity for curved
structures, but in practice, establishing such a property for a large integral membrane protein
is very challenging.

Bif-1, also known as endophilin b1l or SH3P2, is an N-BAR domain containing protein that
regulates Atg9 vesicle formation and trafficking 43. Takahashi et al. observed that Bif-1
requires its N-BAR domain to remain bound to Golgi or TGN compartments and to induce
tubulation during starvation, presumably as part of the Atg9 vesicle formation3. This role is
consistent with the general paradigm of BAR-containing proteins regulating fission events at
vesicle biogenesis sites. Fission also requires the interaction between Bif-1 and Dynamin-2
through sequences outside of the N-BAR*4. Bif-1 may remain on these vesicles as time-
lapse microscopy suggests colocalization of Bif-1 and Atg9 (and possibly fusion of
independent vesicles)*®. These early vesicles are very small, highly curved, and appear to
adopt a crescent shape as fusion proceeds#®. In addition to the Golgi, Bif-1 has been
localized to mitochondria*’- 48, and intriguingly also to phagophore initiation sites where it
engages Beclinl during starvation*8. Collectively, these results suggest that Bif-1 has a role
either direct or indirect in sensing and sculpting the emerging phagophore shape®.

Vps34 complex

Macroautophagic processes require the modification of local inositol lipids. Of the inositol
ring’s three hydroxyl groups available for individual or combinatorial phosphorylation,
autophagy occurs in the context of Pl lipid singly phosphorylated at the third hydroxyl
group. This species is termed phosphatidylinositol-3-phosphate, or “PI(3)P”, for short. In
yeast, PI(3)P is generated only by the class 111 PI(3)P kinase, Vps34, whose co-factors
determine target membrane specificity. That is, one Vps34 complex generates PI(3)P at the
vacuole, while a second Vps34 complex-containing Atg14, Vps15, and Atg6, recruits Vps34
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to the PAS. In mammalian cells, Vps34 knockout reduces but does not inhibit autophagy. In
Vps34~'~ cells, the class 11 PI(3)P kinase, PI2K—C2 also contributes autophagic P1(3)P;
however whether this enzyme is directly recruited to the phagophore remains unclear4.
Sufficient PI(3)P generated by PI2K—-C2 at another compartment and routed to phagophores
may instead be sufficient to compensate for Vps34 knockout.

The Vps34 complex is therefore the best candidate to generate local, starvation-induced
PI(3)P, as its activity is stimulated by ULK1 kinase activity® and its localization determined
in large part by autophagy-specific co-factors including Atg14 and Beclin 1. VPS34 itself
harbors an amphipathic helix and this motif contributes membrane curvature-dependency to
the catalytic activity of the enzyme /n vitro®1. Mammalian Atg14L/Barkor, homolog of
yeast Atgl4, is a member of the autophagy-specific Vps34 kinase complex that generates
P1(3)P signaling lipid. Barkor targets the PI3K complex to early autophagic membranes, via
a Barkor/Atg14(L) autophagosome targeting sequence (BATS) encoded by the protein’s C-
terminal 80 amino acids®2. This sequence includes an amphipathic alpha helix with a
sequence distribution reminiscent of the curvature-sensing ALPs motif first described by
Bruno Antonny (Figure 3). Zhong and colleagues demonstrated that the BATS motif
preferentially binds 100nm liposomes over 800nm liposomes (indicating curvature-sensing)
and that overexpression of this motif drives the formation of LC3-positive tubules in cells.
Thus the Atg14L BATS domain displays hallmark characteristics of both curvature sensing
and promoting autophagy The BATS motif also has affinity for the negatively charged
phospholipids, PI(3)P and PI(4,5)P, and in fact the curvature-sensitivity of BATS is lost on
liposomes carrying a high molar fraction of PI(3)P or PI(4,5)P2. These two modes of
binding may be in natural competition within the cell as mutation of the hydrophobic face of
the amphipathic alpha helix within BATS re-distributes the domain from LC3-positive
tubules to the cytoplasm and to the plasma membrane where P1(4,5)P, is at a high surface
density.

Interestingly, Barkor has also recently been identified as a component of the Stx17
complex®3 involved in autophagosome-lysosome fusion®* 35, Barkor can homooligomerize
into a dimer and in this conformation, the BATS domains support liposome-liposome
tethering. This tethering depends upon the presence of either high curvature in the liposomes
or phosphoinositides. The stimulation of fusion requires this tethering activity but also direct
interactions with the t-SNARE complex, possibly stabilizing a fusion-active conformation of
the SNAREs.

Atgl4L’s binding partner, Beclin also carries a critical membrane-binding motif (the p-a-
repeat autophagy domain or BARAD) 56: 57 Included within this domain is a short finger
loop with several aromatic residues that is both necessary and sufficient to target Beclin or
other proteins to acidic liposomes /n vitro. At high concentrations, this motif also appears to
deform liposomes, though no specific evidence of curvature induction is yet available. Thus
the VPS34 complex includes multiple membrane interaction surfaces. How these surfaces
are oriented with respect to one another could impart a second level of curvature
dependence, possibly making the autophagosome-directed Beclin-containing complex
significantly more dependent on local curvature 8, as seen when comparing activity on
small vesicles or GUVs %9, In fact, the complex ordinarily exists as at least a heteropentamer
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(including the subunit NRBF2) 60. 61 and the heteropentamer organizes into a dimer around
a motif in NRBF2 2, potentially allowing membrane tethering to be sensed by or driven by
the VPS34 complex during autophagosome construction.

Atg5-Atg12/Atg16 complex

While the above complexes are thought to function predominantly during autophagy
initiation, the Atg5-Atgl12/Atgl6 complex functions at later stages coincident with
membrane expansion. Atg12 is a ubiquitin-like protein that becomes covalently attached to
Atg52 (or in an unrelated complex with Atg3?). The Atg5-Atg12 dimer binds Atg16L1
which itself can dimerize, such that the final membrane-associated complex is probably at
least six unique polypeptides and possibly more (biochemistry suggests it forms a tetramer
of heterotrimers 83 4). This complex is proposed to support autophagosome growth by
either direct activation of the lipidating enzyme Atg37 (via capture of Atg3 at autophagic
membranes®® 66 or the induction of an active conformation on the enzyme 67), or through
membrane scaffolding (where multimerization may shape autophagosomes ©8). In either
case, the complex must recognize a membrane and promote LC3 family lipidation(either
directly or indirectly), driving the transition to autophagosome growth.

Yeast Atg5-Atg12/Atg16 binds membranes directly, but somewhat weakly, through motifs
on Atg559, and is strongly recruited to Atg8-PE decorated membranes via an Atg8
interaction motif on Atg12%8. Both sites appear to be crucial to support autophagy in vivo. In
mammals, several other membrane-bound proteins also engage the complex and may
influence its targeting. For example, WIPI2B is an Atg16L1-binding protein that also binds
PI3P, is implicated in promoting LC3-lipidattion and is essential for growth of the
autophagosome’©. Atg16L1 also engages lipid-modified Rab proteins (especially Rab33)'1,
that may contribute membrane targeting.

The ability to form higher-order oligomers is suggestive of a coat-like behavior. Two
excellent in vitro studies on Giant Unilamellar Vesicles (GUVs) have looked at how and
whether membrane-associated Atg5-Atg12/Atg16 complex from yeast influences membrane
structure®8: 69, They have discovered that the Atg5-Atg12/Atg16 complex is sufficient to
tether liposomes, suggesting an available interface even when bound to one membrane, 2)
engages Atg8-PE and competes with cargo adaptors and Atg4 for Atg8-PE access, 3)
organizes into very large higher-order oligomers in an Atg16 dimer-dependent manner, 4)
rigidifies GUV membranes, creating deformations with very large radii of curvatures (on the
micron scale) and thus stabilizing a molecularly-flat organization. Because mutants that
disrupt the higher-order oligomers also impair autophagic flux in cells, Wollert and
colleagues suggest that the ability to form an essentially flat architecture is a critical feature
of phagophore development58. Importantly, this architecture retains sufficient plasticity to
scaffold the wide-range of phagophores forming under different stress and cargo capture
conditions.

Lipidation of Atg8 or LC3

Atg8 becomes covalently attached to the lipid phosphatidylethanolamine through ubiquitin
like reactions involving the E1-like Atg7 and the E2-like Atg3. In mammals there are 6-8
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homologs of Atg8, including LC3, GATE-16, GABARAP and GABARAP-L1 and each is
also modified by PE through Atg7- and Atg3-dependent reactions. If lipidation is inhibited,
autophagy largely aborts at the cup-shaped intermediate membrane. In fact, tomographic
reconstructions of phagophores are often collected under these conditions because
phagophores accumulate (e.g. 2). Thus, this structure, with its highly curved rim present, is
likely the physiologic target of Atg3-dependent lipidation. /n vitro, LC3 lipidation is highly
curvature-sensitive thanks to an amphipathic alpha helix comprising most of the amino-
terminus of Atg3 (Atg3phelix)’2. The helix is distinct from the ALPS motif and instead has
two clear membrane delimiting lysines that likely engage lipid headgroups along with a poor
hydrophobic face (Figure 4). Mutations introducing negative charge into the hydrophobic
face of Atg3pelix abrogated Atg3 liposome binding /n vitro, and Atg3’s enzymatic activity /n
vitro and in vivo. Expanding the hydrophobic face of the helix makes Atg3 rely less on
membrane defects and strongly supports a model where this helix is ordinarily tuned to a
narrow range of lipid or membrane structural characteristics. A similar curvature
dependency is found with the yeast Atg3 suggesting this sensitivity is conserved across
organisms’3. Although the amphipathic character of this helix is essential in vivo, where this
amphipathic helix is used in cells is less clear. Attempts to localize Atg3 on membranes in
mammalian cells have been largely unsuccessful, perhaps suggesting that Atg3 is only
transiently associated with the developing autophagosome. In contrast, yeast Atg3 localizes
uniformly along the phagophore surface’® 7°. Furthermore Atg3 function in both species is
dependent upon the Atg5-Atg12/Atg16 complex, and lipidation can be driven at
heterologous membranes when this complex is artificially mislocalized 5. The Atg3elix
may therefore primarily function as a sensor of the local membrane environment rather than
as an essential targeting motif and limit lipidation to either curved portions of the
phagophore or to unique lipid compositions consistent with autophagosome biogenesis.

Unlike all of the other proteins discussed above, Atg8-PE or LC3-PE represents a covalent
linkage to the growing membrane and thus a significant body of work has centered on
describing whether this unique protein-lipid adduct possesses inherent membrane
remodeling capabilities. In a landmark paper on reconstitution, Atg8-PE was demonstrated
to tether liposomes and even to drive hemi-fusion’®. Subsequent papers established similar
activities for LC3, GATE-16, and GABARAP-L177-80, Fusion however appears to be
limited to membranes of very high and non-physiological cone-shaped lipid compositions as
neither LC3-PE nor Atg8-PE are apparently fusion active on other mixtures®®: 73. 78,
Because we do not yet know the lipid composition of the phagophore it is impossible to
predict whether fusion-promoting lipids are present, but intriguingly, highly curved
membranes display the same physical characteristics that lower the fusion barrier (Figure
3B). Thus it is possible that Atg8-PE is simply only fusion-active at the rim of the
phagophore or on highly curved donor vesicles and tubules. Within cells, LC3-PE can be
found associated with membrane tubules formed by either BAR-domain proteins (e.g. 81) or
phagophore-directed amphipathic helices (e.g. 82). In particular, the Snx-BAR protein Snx18
drives LC3-positive tubule formation at recycling endosomes and also coordinates the Atg5-
Atg12/Atgl6 complex at these sites, suggesting local membrane tubulation might be
involved in autophagosome biogenesis at this site®l: 83, Snx-BAR proteins have also been
implicated to act directly upon the phagophore itself34. Enrichment of LC3-PE or Atg8-PE
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at the phagophore rim has not been observed in fluorescence or immuno-EM studies, but
modest enrichment would be challenging to detect as we expect a high concentration of the
protein to decorate the inner membrane where it engages cargo and on the outer membrane
where cytoplasmic proteins are engaged. Indeed, Dimova and colleagues studied Atg8-PE
partitioning on Giant Unilamellar Vesiclesj (GUVs), when both curved and flat membranes
were available and suggest that enrichment will be only relatively modest 73. They observed
that Atg8-PE partitions into curved membranes, but total enrichment is only about 2-3 fold
on highly curved tubules compared to the molecularly flat surfaces of GUV membranes.
Thus collectively, in vitro experiments are consistent with Atg8-PE (and LC3-PE) having the
capacity to sense curvature and possibly to play a direct role in membrane remodeling but
cellular relevance for these activities remain uncertain. What is lacking, fundamentally, is an
example of an Atg8-PE mutant that accumulates at a tethered interface in cells, but does not
support the fusion or fission reaction. This phenotype would establish which membranes are
joined by Atg8-PE and at which point in autophagosome maturation such a tethering activity
is required.

Autophagic Cargo

Why certain organelles or organelle subdomains are marked for macroautophagic clearance
is not yet clear, but it is likely that this stage of quality control depends upon recognizing
changes in both the protein and potentially the membrane components of these organelles. In
this sense, we might expect that structural cues on the membrane, including those that sense
whether the overall architecture is maintained, will play a vital role in initiating autophagic
clearance. Perhaps the most structurally heterogeneous organelle in the cell is the
endoplasmic reticulum, which consists of large areas of fully reticulated membrane, as well
as relatively coherent and flattened sheets and elongated individual tubular protrusions. In a
pair of exciting back-to-back papers last year, the Nakatagowa and Dikic labs described
autophagy receptors for the clearance of ER from yeast and mammalian systems
respectivelyl2 85, |n yeast, two unrelated protein receptors were described that preferentially
localized to either flattened peri-nuclear ER (Atg39) or to cortical tubular ER (Atg40)12,
Atg40 includes a reticulon-like domain (Figure 3) and colocalizes with reticulon on tubular
structures. Moreover, EM suggests that the autophagic bodies delivered by Atg40 are laden
with complicated, often tubular, membrane material. All told, this suggests that Atg40-
dependent ER-phagy is specific for the turnover of highly curved tubular ER. Intriguingly,
although unrelated at the sequence level, the mammalian ER-phagy receptor discovered by
the Dikic lab (FAM134B) also encodes a reticulon-like sequence8®. Liposome experiments
reveal that this sequence supports membrane remodeling /in vitro, however in vivothe
protein targets to both the flattened and tubular regions of the ER. The authors speculate that
FAM134B plays a vital role in maintaining overall ER homeostasis, including the proper
balance of architecturally distinct regions of the organelle.

Other phosphoinositide-binding proteins with in vitro curvature sensitivity

The Legionella pneumophila effector protein, RavZ, is an LC3-PE directed protease that
inhibits autophagy by removing LC3 from the developing autophagosome86. A noteworthy
feature of this activity is that RavZ does not cleave the soluble proform of LC3, and thus is
exquisitely specific for the PE-modified form of LC3. This selectivity is encoded as multiple
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membrane-recognition motifs including a very short amphipathic helical motif, a unique
P13P binding protein fold, and general preference for membrane curvature®’, thus RavZ
encodes motifs that recognize each of the major membrane characteristics of the developing
phagophore, aborting autophagy at the open cup-shaped membrane.

Likewise, the WIPI family of proteins also bind phosphoinositides to direct these proteins to
early events in autophagic processes. In yeast, there are three members of this family, Atg18,
Atg21, and Hsv2. Each has been shown to bind membranes via two phosphoinositide
binding sites plus other sequences that insert in the membrane88. Hsv2 has also been
examined on liposomes of different size and revealed to have a more than 10-fold increase in
apparent affinity when the membranes become highly curved 8%, The mechanism of
curvature recognition for both RavZ and Hsv2 remains uncertain.

Future Perspectives

Phagophore biogenesis remains poorly understood. If this cup-like structure forms from the
fusion of a few vesicles, then perhaps the crescent shape and the negligible luminal volume
are simply a natural consequence of satisfying the changing volume to surface area as the
organelle grows. In contrast, if the organelle is extruded from a pre-existing membrane, then
it is likely that the lipid composition will impact membrane architecture, either by
influencing the recruitment and activity of curvature-sensitive proteins (as in Figure 2) or by
directly determining organelle structure (e.g. 9). Thus establishing the lipid composition of
the developing membrane is a priority. Likewise, to the extent that proteins are involved, we
remain relatively ignorant about the distribution of these proteins along the organelle
membrane. The introduction of live fluorescence nanoscopy approaches should provide the
first indications of protein distribution during organelle growth. These studies would benefit
tremendously from fluorescent lipid analogs that collect at the phagophore and provide
structural context to the protein distributions.
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Research Highlights

Autophagosome biogenesis involves significant structural remodeling of cellular
membranes.

Proteins target these unique morphologies via curvature-sensing motifs.

Each of the major autophagy complexes utilizes one or more curvature-sensitive proteins.
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Figure 1. Sources of membrane curvature associated with macroautophagy in the mammalian

cell

Autophagosome biogenesis involves many structures that present strident positive curvature
to the cytoplasm including very small vesicles, ER tubules, tubular protrusions from very
small recycling endosome and golgi vesicles, and the rim of the expanding phagophore (see
Table I). Proteins associated with each step in the organelle’s maturation have been shown to
possess membrane curvature sensing /7 vitro and to rely on these motifs for proper function
in vivo.
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Figure 2. Phagophore dimensions
The phagophore or isolation membrane is a cup-shaped intermediate in autophagosome

development. It includes a concave inner and convex outer surface as well as a highly curved
rim running along the open edge of the cup. Labeled are the diameters of several autophagy-
related membrane structures exhibiting high curvature. In addition, we note the typical
distances between the bilayers in the growing isolation membrane or the mature
autophagosome (lamellar spacing). Although this distance does not directly represent a
curvature, it sets a kind of lower bound for the radius of curvature connecting the two
bilayers at the rim. In practice, actual measures of rim curvature are mostly not available. We
have surveyed a representative set of articles in the literature to generate the range of
measures in Table I.
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A Scaffold of the Target Membrane Asymmetric Membrane Insertion
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Figure 3. Mechanisms for proteins to recognize and interact with highly curved membranes
A) Peripheral proteins either recognize the shape of the membrane primarily through

engagement with phospholipid headgroups or interrogate the hydrophobic core of the bilayer
with membrane insertion sequences. (BAR domains often include both scaffolding and
amphipathic helix motifs). B) Membrane insertion of poorly hydrophobic motifs, such as
those commonly associated with curvature-sensing, relies on poor lipid packing in the
bilayer to favor partitioning of protein motifs into the membrane. If we consider
phospholipids as cylinders or cones, with phospholipid headgroups’ and acyl chains’ cross
sectional areas defining the base 17- 18, we can see that on planar surfaces, the packing of
conical lipid headgroups becomes less ideal. In order to minimize exposed hydrophobic
surface area of the acyl chains, membranes can bend or inverted conical lipids or protein
insertion motifs can sort to these areas of the bilayer.
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Figure 4. Highly curved membranes allow efficient interaction and activation of autophagic

machinery

Multiple protein sequence motifs, whether autophagy specific or not, have been shown to
recognize structural deformation of target membranes. A common mechanism involves an
alpha helix, consisting of hydrophobic residues flanked by hydrophilic residues, to penetrate
the membrane. The distribution of these amino acids reflect the lipidic composition of the
target membranes. For examples ALPS motifs were originally identified at the golgi (i.e.
ArfGAP1) and are thought to be commonly associated membrane events early in the
secretory cascade, while more charged amino acids are often involved in peripheral
membrane targeting. In autophagy, proteins that propagate the nucleation, elongation, and
completion stages of the autophagosome have each been described with curvature-dependent
amphipathic helices including those that mimic ALPS motifs (human Atgl4L) and those
with more charged faces (human Atg3).
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Sources of membrane curvature in cellular macroautophagy

This Table represents a non-comprehensive survey of the literature on macroautophagy spanning the earliest
electron microscopy measurements through more current cutting-edge approaches including cryo-electron
tomography. Our objective is to illustrate first that the autophagosome itself, and the body of the growing
phagophore or isolation membrane is not highly curved. This can be inferred by considering the size of the
object and assuming a smooth curvature. Thus the diameter of the autophagosome, or the diameter of the
phagophore volume (when considering the distance between its furthest points as in figure 2) reflects the
relative curvature of the structure. In contrast, the phagophore rim, or other features of very high definition like
small tubules, will present much more strident curvatures. For simplicity, we only considered phagophores that
had already adopted a cup-like shape (i.e. the very early stages of phagophore growth are not represented
here). It is currently impractical to measure the rim curvature in most electron microscopy images. Thus we
present the lamellar spacing between the inner and outer membranes of the growing phagophore as a proxy for
the lower limit of the radius of curvature (as shown in figure 2). Notably, this spacing is consistently less than
50 nm and usually much smaller, independent of model organism or the laboratory collecting the images.
Where possible, we have cited the actual measurements made by the authors of a publication. In most cases
however, we have made these measurements ourselves from published images and presented the value as an
upper limit for the dimension (in each case noted as “<”). To be conservative, any spacing smaller than 30 nm
was listed as < 30 nm, even in cases where the two bilayers appear to touch and have essentially no separation.
Thus, in many cases, “< 30 nm” represents a much smaller distance.

Structure Measurement | Method of Model organism Reference
observation
Autophagosome lamellar
spacing /
diameter
Autophagosomes <30 nm /<0.9 Freeze- Carbon- or nitrogen- 91
pm substitution starved S. cerevisiae Fig. 1-8
fixation for EM
Autophagosomes <30 nm /<0.9 Freeze- Nitrogen-starved S 92
pm fractured EM cerevisiae Fig. 3,4
Autophagosomes <30 nm/<2.5 TEM Sucrose-starved A 93
pum thaliana T87 cells Fig. 4,5
Autophagosomes <50 nm/NM Immunogold Differentiating root 27
EM epidermal cells of Fig. 6
Avrabidopsis seedlings
Autophagosomes <50nm/<1 EM Isolated rat liver 94
pm Fig. 1
Autophagosomes <60nm/<1 Immunogold Starved rat kidney cells 5
pm EM Fig. 2
Purified <50nm/<2 TEM Vinblastine-treated 26
autophagosomes pm hepatocytes isolated from Fig. 1-3
(subcellular starved rats
fractionation)
Autophagosomes <60 nm /<1.5 Silver-enhanced | GFP-LC3 mouse liver, 95
pm immunogold heart muscle, pancreatic Fig. 3-6
exocrine, and stromal
epithelial cells
Cytolysomes <50nm/<1 TEM Fat body of instar larva of 96
pm C. ethlius Fig. 7,8
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Structure Measurement | Method of Model organism Reference
observation
Mitophagosomes <30nm/<1 TEM Valinomycin-treated 97
pm HCT116 (Human colo- Fig. 2
rectal cancer) cells
Phagophore & lamellar
Omegasome spacing /
diameter
Autophagosomes & <50nm/<1 EM Isolated rat liver 98
phagophores pm Fig. 1,6-9, 11
Phagophore <50nm /<15 Silver-enhanced | Embryonic stem cells 29
pm immunogold expressing GFP-Apgl6L Fig. 7
EM
Autophagosomes and <50nm/<1 Silver-enhanced | F9 teratocarcinoma cells 99
phagophores pm immunogold Fig. 7
EM
Phagophores, ER-IM <50nm /<2 Immunogold NIH3T3 cells and MEFS 2
complexes pm EM and Fig. 1-4,
electron S2,S4
tomography
Phagophores <30 nm /<0.5 Immuno EM Atg9-6xHA ypt7A S 30
pm cerevisiae Fig. 5
Phagophores <30 nm/NM Immuno EM Atg3*"* and Atg3~~ MEFs 4
and CLEM Fig. 2
Omegasomes/punctate | NM/<0.5um | Confocal HEK?293 cells 100
structures microscopy Fig. 4
Omegasomes NM/<1pm Cryo-CLXM Starved HEK293 cells 101
Fig. 6,7
Cuvt vesicle lamellar
spacing /
diameter
Cvt vesicle <30 nm /<0.5 Freeze- S. cerevisiae (vegetative 102
pm substitution growth) Fig. 2-4
fixation for EM
Tubules diameter
ER tubules <30 nm EM and High pressure frozen S 103
electron cerevisiae Fig. 1
tomography
ER-like membranes <50 nm Immunogold Differentiating root 27
associate with EM epidermal cells of Fig. 6
autophagosomal Arabidopsis seedlings
structures
RFP-LC3-positive 40 -65nm CLEM Human Embryonic 104
Tubules Kidney cell line over- Fig. 9
expressing certain
protocadherins
Golgi membrane <30 nm TEM Bif-1 shRNA-expressing 43
fragmentations and Hela cells Fig. 3
tubulations
GFP-LC3-decorated <100 nm Immunogold HelLa over-expressing 81
Tubules EM SNX18 Fig. 8
Anti-Kar2 ER double- | <100 nm Immunogold S. cerevisiae treated with 12
ring structures and ER EM rapamycin Fig. 3
tubules
Immuno-isolated GFP- | <50 nm EM HEK293 and HCT116 42
LC3-positive tubulo- stably expressing GFP- Fig. 3

vesicular structures
(tubule form)

LC3
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Structure Measurement | Method of Model organism Reference
observation
Vesicles diameter
Spherical particles 35-50 nm Freeze- S. cerevisiae (vegetative 102
clustered around the substitution growth) Fig. 2,4
cvt vesicle fixation for EM
Clustered Atg9-GFP- 30-40nm Immunogold S. cerevisiae (vegetative 32
positive vesicles at the EM growth) Fig. 2, S1
phagophore assembly
site
Atg9-GFP-positive 30-60 nm Single-particle Rapamycin-treated S 30
vesicles purified from tracking, cerevisiae Fig. 1,2
lysate dynamic light
scattering, and
TEM
Clustered vesicles 100 — 300 nm TEM Sucrose-starved A 93
around the thaliana T87 cells Fig. 4,5
autophagosomes
Immuno-isolated GFP- | <50 nm EM HEK?293 and HCT116 42
LC3-positive tubulo- stably expressing GFP- Fig. 3,7
vesicular structures LC3
(vesicle form)
mRFP-Atg9-positive <100 nm CLEM WIPI12-depleted HEK293 31
vesicles and/or tubules cell line Fig. 4
GFP-DFCP1-positive 30-35nm Immuno EM Atg3** and Atg3~~ MEFs 4
clustered tubulo- and CLEM Fig. 3
vesicular structures at
the edge of isolation
membrane
Other organelles: diameter
Autophagic bodies <0.8 um Freeze- Nitrogen-starved S 92
fractured EM cerevisiae Fig. 3,4
Autophagic vacuoles <1.2 pm Freeze- Isolated rat hepatocyte 105
(amphisome or fractured EM Fig. 3
autophagosome),
phagophore
COPII-containing ER <50 nm Electron HepG2 mammalian cells 106
exit site vesicular and tomography Fig. 3,4
tubular structures
COPI and COPII 60 — 100 nm Immunogold MPR- and GGA- 107
Vesicles EM and CLEM | expressing HelLa cells Fig. 1-3
Tubular-vesicular <150 nm Immunogold MPR- and GGA- 107
structures EM and CLEM | expressing HeLa cells Fig. 3-6
Lysosomes <300 nm Freeze- Isolated rat hepatocyte 105
fractured EM Fig. 4
Lysosomes 200 — 600 nm Freeze- Isolated rat liver 108
fractured EM Fig. 4
Mitochondria <500 nm Freeze- Isolated rat hepatocyte 105
fractured EM Fig. 4
Endosomes <250 nm Freeze- Isolated rat hepatocyte 105
fractured EM Fig. 5

< : dimensions are not given in the text by the authors and were measured from the published images.

NM: Not measured

EM: Electron microscopy
CLEM: Correlative light electron microscopy

TEM: Transmission electron microscopy
Cryo-CLXM: Cryo-correlative light and X-ray microscopy
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MEF: Mouse Embryonic Fibroblasts
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