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Abstract
Macroautophagy is an essential cellular pathway mediating the lysosomal degradation of defective
organelles, long-lived proteins and a variety of protein aggregates. Similar to other intracellular
trafficking pathways, macroautophagy involves a complex sequence of membrane remodeling and
trafficking events. These include the biogenesis of autophagosomes (APs), which engulf portions
of cytoplasm at specific subcellular locations, and their subsequent maturation into
autophagolysosomes through fusion with the endo-lysosomal compartment. Although the
formation and maturation of APs are controlled by molecular reactions occurring at the
membrane-cytosol interface, little is known about the role of lipids and their metabolizing
enzymes in this process. Historically dominated by studies on class III phosphatidylinositol 3-
kinase (PI3K) (also known as Vps34), its product PI3P, as well as on the lipidation of Atg8/LC3-
like proteins, this area of research has recently expanded, implicating a variety of other lipids,
such as phosphatidic acid and diacylglycerol, and their metabolizing enzymes in macroautophagy.
This review summarizes this progress and highlights the role of specific lipids in the various steps
of macroautophagy, including the signaling processes underlying macroautophagy initiation, AP
biogenesis and maturation.

Introduction
Autophagy pathways play a critical role in physiology, where their main function is to
protect cells or organisms against starvation, enabling them to recycle nutrients from
digested organelles and macromolecules at times of nutrient scarcity as well as to ensure cell
homeostasis by removing damaged organelles and aberrantly folded proteins. Accordingly,
perturbation of autophagy has been linked to aging and various disorders, including cancer,
neurodegeneration, myopathies, liver and heart diseases [1, 2]. While there are three
different types of autophagy (macroautophagy, microautophagy and chaperone-mediated
autophagy) (Figure 1), macroautophagy (hereafter referred to as autophagy) has received the
most attention. Our mechanistic understanding of the autophagy process was greatly
enhanced by the discovery of approximately 30 yeast autophagy genes (i.e., “Atg genes”),
most of which are conserved in mammals [3, 4]. The functional characterization of these
autophagy genes in various systems has established that the formation of APs requires at
least four major protein complexes: (i) the Atg1/Unc-51-like kinase (ULK) complex, which
represents a key signaling intermediate primarily integrating inputs from the target of
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rapamycin (TOR); (ii) the autophagy-specific class III PI3K (Vps34) complexes, which
produce a pool of phosphatidylinositol-3-phosphate (PI3P) that is important for AP
formation and maturation; (iii) the transmembrane protein Atg9/mAtg9 and its trafficking
machinery allowing for membrane addition and retrieval to and from sites of AP biogenesis;
and (iv) the ubiquitin-like proteins Atg12 and Atg8/LC3 and their conjugation machinery
ultimately leading to the lipidation of Atg8/LC3 with phosphatidylethanolamine (PE), a
process required for AP formation and closure [3-7]. These protein complexes largely
operate at the interface between the cytosol and various membranous compartments in the
cell, which not only include the pre-autophagosomal structures and the AP, but also the
endoplasmic reticulum (ER), the mitochondria, the plasma membrane, the Golgi apparatus
and the endo-lysosomal system [6, 7] (Figure 1). Thus, although no “Atg” genes reported so
far appear to encode lipid enzymes (perhaps with the exception of Atg15, a putative lipase
[8]), lipids are increasingly implicated in the control of the biochemical processes and
membrane remodeling underlying the biogenesis of APs and, more generally, the autophagy
process (Figure 1).

Lipids and lipid metabolizing enzymes mediate the autophagy process by controlling at least
four fundamental aspects (Figure 1 and 2). First, they regulate signaling cascades
converging onto the mammalian TOR (mTOR) pathway, which, in turn, negatively regulates
the initiation of autophagy (Figure 2A). Central to this signaling cascade are class I PI3Ks
and their product, phosphatidylinositol-3,4,5-trisphosphate [PI(3,4,5)P3] (Figure 1 and 2B)
[9]. Second, lipids act as membrane-bound localized signals controlling membrane
dynamics by specifically recruiting cytosolic protein effectors that mediate membrane
deformation, expansion and vesicle transport (Figure 2B). The prototypical example of this
regulation is PI3P, which controls the biogenesis and maturation of APs through this
mechanism (Figure 1 and 2B) [5, 10]. Third, covalent binding of amine-containing
phospholipids, such as PE, to Atg8/LC3 family members confers a unique mode of
regulation by stably anchoring these critical factors to the membrane of phagophores that
mediate their elongation and ultimately, their closure (Figure 2C) [3]. Finally, lipids can
control membrane dynamics by directly affecting the physicochemical properties of lipid
bilayers independently of protein effectors. Examples of this regulation include cone-shape
lipids, such as phosphatidic acid (PA), which prefers or induces negative curvature or
cholesterol, which promotes or stabilizes a liquid ordered phase within the bilayers (Figure
2D) [11]. In this review, we summarize our understanding of the roles of lipids in the control
of autophagy with an emphasis on phosphoinositides and their metabolizing enzymes as
well as the role of other, understudied lipids or lipid families, such as PA, diacyglycerol
(DAG) and sphingolipids.

Phosphoinositides are master regulators of autophagy
Phosphoinositides are a family of seven phosphorylated derivatives of PI that mediate
fundamental aspects of cell physiology by controlling the cytosol-membrane interface of
most subcellular compartments [12]. A variety of lipid kinases and phosphatases mediate the
generation and interconversion of phosphoinositides through phosphorylation/
dephosphorylation of the inositol group at three different positions: 3’, 4’ and 5’.
Fundamental features of these regulatory lipids are their low abundance, their high turnover
(due essentially to the phosphates decorating the inositol head group) and their differential
subcellular localization in cells [12]. For instance PI3P is enriched in endosomes and in
autophagic structures, while PI(4,5)P2 is concentrated at the plasma membrane [10, 12, 13].

Phosphoinositides exert their cellular actions primarily by recruiting to membranes protein
effectors harboring a variety of well-defined protein modules or unstructured peptide motifs
that recognize the head groups of these lipids with high selectivity. Electrostatic interaction
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of the phosphate groups with basic residues within these modules or motifs plays a critical
role, although other types of interaction may also be involved [12]. Both PI3P and
PI(3,4,5)P3 have been extensively studied in the context of autophagy, although other
phosphoinositides have also been implicated and are discussed below.

The Class I PI3K pathway, PI(3,4,5)P3 and mTOR regulation
TOR is a protein kinase that plays a central role in the control of the balance between growth
and starvation [9]. Generally, TOR is active in the presence of nutrients, driving growth and
anabolic processes, while suppressing autophagy. Conversely, nutrient scarcity inactivates
TOR, slowing growth and anabolism as well as stimulating “recycling” programs through
autophagy-mediated degradation of proteins and organelles. The internal production of these
metabolites ensures cell and organismal survival during prolonged starvation [9].
Importantly, in higher eukaryotes such as mammals, feeding leads to a variety of
physiological responses, including the release of insulin, which, in turn, stimulates a class I
PI3K-dependent signaling cascade in peripheral tissues that activates mTOR complex 1
(mTORC1) and suppresses autophagy [9, 14]. Conversion of PI(4,5)P2 to PI(3,4,5)P3 by
Class I PI3Ks in response to insulin is thus the initial trigger for this signaling cascade
(Figure 1, 3 and 4). Nutrients (e.g., amino acids) per se are potent activators of the mTORC1
pathway and thus suppressors of autophagy, but the underlying signaling process at the
cellular level does not directly involve the class I PI3K pathway [9]. Conversely, the
immunosuppressant macrolide, rapamycin, is a potent activator of autophagy because it
inhibits the ability of mTORC1 (i.e., Raptor-bound), but not mTORC2 (i.e., Rictor-bound),
to phosphorylate substrates, such as S6 kinase 1 (S6K1) and eIF4E-binding protein 1 (4E-
BP1), which control the rate of protein synthesis [6, 9, 14].

The signaling cascade initiated by PI(3,4,5)P3 elevation in response to insulin (and other
growth factors) has been extensively characterized and reviewed elsewhere (Figure 2A) [9,
15, 16]. It involves phosphoinositide-dependent kinase 1 (PDK1)-mediated phosphorylation
of Akt, which is recruited to the membrane through the binding of its pleckstrin homology
domain to PI(3,4,5)P3 and PI(3,4)P2. Activated Akt, in turn, phosphorylates tuberous
sclerosis complex 2 (TSC2), thus inhibiting the GTPase activating protein activity of the
TSC1/2 complex towards the small GTPase Rheb (Ras homologue enriched in brain). GTP-
bound Rheb ultimately activates mTORC1 and downregulates autophagy (Figure 2A) [9,
16]. Accordingly, treatment of cells with synthetic PI(3,4,5)P3 and inhibiting the PI(3,4,5)P3
3-phosphatase PTEN (Figure 3), which enhances PI(3,4,5)P3 levels, both repress autophagy
[17]. mTORC1-mediated inhibition of autophagy occurs in part through phosphorylation of
components of the ULK1 complex, which contains ULK1 itself (i.e., the mammalian
homolog of yeast Atg1) as well as ATG13, ATG17/ FIP200, and ATG101 [18]. When the
ULK1 complex is activated by autophagy-promoting signals, ULK1 dissociates from mTOR
kinase and is targeted to preautophagosomal membranes, where it can initiate the autophagy
process [18]. Interestingly, while the class IA PI3K is believed to activate the mTORC1
pathway and repress autophagy, the p110-β catalytic subunit of this complex has been
recently identified as a positive regulator of autophagy independently of its catalysis, but via
stimulation of class III PI3K Vps34 (Figure 3) [19]. Overall, the precise molecular
mechanisms controlling autophagy initiation/repression downstream of class I PI3K/mTOR
as well as the crosstalk between these lipid kinases and other autophagy-relevant signaling
pathways converging onto mTOR regulation are beginning to emerge.

The Class III PI3K pathway, PI3P and its effectors
The main pathway for the synthesis of PI3P involves the phosphorylation of PI on the 3’
position of the inositol ring by class III PI3K or Vps34 [15], which was originally identified
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in budding yeast as the product of a gene required for the correct sorting of vacuolar
hydrolases from the late-Golgi to the vacuole [20, 21]. After an original report showing that
standard PI3K inhibitors, such as wortmannin and LY294002, block autophagy [22], three
converging studies specifically demonstrated that Vps34 and its PI3P product are implicated
in this process (Figure 3). Initially, in the yeast Hansenula polymorpha, the putative Vps34
ortholog was shown to be involved in the selective autophagy of peroxisomes (i.e.,
pexophagy) [23]. Further studies in budding yeast identified an interaction between Vps34
and Vps30/Atg6 (i.e., the ortholog of Beclin 1), a protein operating both in autophagy and
vacuolar protein sorting through distinct and specialized Vps34 complexes [24]. Lastly, it
was shown in mammalian cells that addition of the PI3P lipid species alone was sufficient to
stimulate autophagy [25].

The Vps34 complexes and their specialized roles in autophagy
Yeast Vps34 was originally shown to form two different complexes, both of which localize
to the vacuole as well as one of two subcellular locations, conferring a compartment-specific
function to each of the two complexes [24]. Vps34 complex I localizes to the pre-
autophagosomal structure (PAS) and functions in the initiation of autophagy. This complex
consists of Vps34, Vps30/Atg6, Vps15 (i.e., a myristoylated serine/threonine kinase that is
required for the lipid kinase activity of Vps34), and Atg14 (i.e., a protein that is essential for
the targeting of Vps34 complex I to the PAS). Vps34 complex II is similar to complex I,
except that Atg14 is replaced by Vps38, which targets Vps30/Atg6 to endosomes.
Accordingly, Vps34 complex II localizes to endosomes and functions in vacuolar protein
sorting, but is not involved in autophagy [24, 26, 27]. In higher eukaryotes, the autophagy-
specific Vps34 complex (I) is directed via Atg14L, an Atg14-like protein, to a subdomain of
the ER, called the “omegasome” [10, 28]. In fact, it has been suggested that during
starvation, Vps34-containing vesicles are targeted to the ER, where they can either fuse with
this compartment or enable the synthesis of PI3P in trans onto the omegasome [28].
Hierarchical analysis has demonstrated that Atg14L localizes to the nucleation site upstream
and independently of Vps34 and is required for autophagy [5, 29-32].

While yeast Vps34 complex II is not required for autophagy, the mammalian complex II and
its variants play a clear role in this process, in part through the greater diversity of Beclin 1
interactors acquired through evolution and a more pronounced role of the endosomal system
for the maturation of mammalian APs [5]. One such interactor, UVRAG (i.e., a functional
homolog of Vps38), competes with Atg14L for binding to Beclin 1 and has been shown to
positively regulate autophagy (but see also [33]), perhaps by recruiting to APs Bif-1/
endophilin B1, a BAR domain-containing protein that may sense and induce membrane
curvature at sites of membrane expansion [29-31, 34]. UVRAG may also facilitate AP
maturation in part via its interaction with the core class C-Vps complex, which mediates the
fusion of APs with lysosomes [35]. Additionally, Vps34-associated Beclin 1 interacts with
Ambra 1 and Rubicon, which are positive and negative regulators of autophagy, respectively
[29-31, 36]. Finally, the interaction of Vps34 with Beclin 1 can be disrupted by the anti-
apoptotic protein Bcl-2, which binds to Beclin 1 and prevents its binding to Vps34 [37, 38].
Phosphorylation of Bcl-2 by Jun N-terminal protein kinase 1 (JNK1) dissociates the
complex and enables Beclin-1 to stimulate autophagy [39]. Overall, the precise molecular
basis governing the participation of these different Vps34 subcomplexes to the biogenesis
and maturation of APs, as well as the control of endo-lysosomal function is starting to
emerge. There are however additional layers in the regulation of Vps34 function, including
postranslational modifications such as phosphorylation and ubiquitination, which may affect
the targeting, enzymatic activity and stability of the various Vps34 complexes and thus
deserve further investigation [40-42].
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Role of PI3P and its effectors in autophagy
PI3P and its effectors play a fundamental role in various aspects of autophagy, including the
control of AP biogenesis, maturation and intracellular transport (Figure 5) [6]. One
hypothesis states that the local production of PI3P on the isolation membrane promotes its
negative curvature and controls AP size. Notably, it has been observed in yeast that PI3P is
highly enriched on the inner (concave) surfaces of phagophores as well as on
uncharacterized organelles located in the vicinity of phagophores that may supply a pool of
PI3P necessary for their growth [43]. PI3P production on the elongating isolation membrane
tips has also been visualized in mammalian cells and has been proposed to facilitate
expansion and sealing of the spherical structure’s edges [30]. Most models, however,
explain the actions of PI3P through effector proteins that harbor PI3P-binding modules, such
as FYVE, PX or WD40 domains (Figure 5) [12]. Localized production of PI3P has also been
proposed to create a membrane platform to concentrate and spatially coordinate specific
effectors necessary for downstream signal transduction and progression of autophagy [5, 6,
27]. Several PI3P effectors have been implicated in autophagy initiation (Figure 5). In
particular, DFCP1, an ER resident protein, forms PI3P-positive puncta along the ER upon
starvation. Re-localization and concentration of DFCP1 during autophagy enabled the
visualization of the omegasome [28, 44]. Although DFCP1 is recruited to these structures,
knockdown studies do not produce any overt phenotypes and its function here remains
unknown [28]. A better-characterized family of PI3P effector proteins includes the
PROPPIN family or WD-repeat proteins interacting with phosphoinositide (WIPI-1-4)
proteins in mammals (Figure 5) [6, 45-47]. The PROPPIN family is defined by its WD40
repeats that adopt a seven-bladed ß-propeller fold containing two pseudo-equivalent PI3P
binding sites and a FRRG motif that are required for its full autophagic function [48]. Three
PROPPINs, WIPI-1, -2, and 4, are implicated in the initiation of mammalian autophagy.
WIPI-1 and WIPI-2 are recruited to omegasomes upon autophagy induction, where they
play a role in the formation and maturation of the isolation membrane, respectively [49, 50].
These two proteins are phylogenetically similar to yeast Atg18, which has also been
implicated in the initiation step, perhaps more indirectly through shuttling Atg9 together
with Atg2 in both the cytoplasm-to-vacuole (Cvt) and autophagy pathways [51-53]. While
WIPI-4 has not been characterized in mammals, a C. elegans homolog of WIPI-4, egf-6, was
also shown to localize to and control the maturation of the omegasome. However, unlike
WIPI-2, egf-6/WIPI-4 appears to restrict omegasome expansion and AP size [54].
Additional PI3P effectors operating in the initiation step have been described in yeast (i.e.,
Atg21 and Ygr223c) and are discussed in Figure 5 [6, 27, 55].

PI3P may also play a role in selective cargo capture by the nascent AP. In particular, Alfy
(Autophagy-linked FYVE protein), a nuclear scaffolding protein involved in the selective
degradation of ubiquitinated protein aggregates, interacts with Atg5 and p62 via its WD40
domain as well as PI3P through its FYVE domain (Figure 5) [56-58]. Localization of PI3P
along the inner AP membrane may provide a docking site for Alfy to promote selective
engulfment of protein aggregate cargo by directing the membrane building machinery to the
site of p62 inclusion bodies [58]. Remarkably, Alfy is not required for starvation-induced
autophagy but is necessary for aggregate clearance, suggesting it plays a role in a selective
form of autophagy called aggrephagy [6, 58].

PI3P is also a major regulator of the maturation steps of autophagy. In higher eukaryotes, the
maturation step involves the fusion of APs with endosomes, generating amphisomes, which
in turn fuse with lysosomes. As such, perturbations of the endo-lysosomal compartment
typically result in defects of AP maturation and cargo clearance [59-61]. Recent work in
mammals identified the PI3P effector, TECPR1, as a likely tethering factor mediating AP-
lysosome fusion (Figure 5). In the case of this protein, PI3P binding not only requires its
pleckstrin homology (PH) domain, but also a contribution from conjugated Atg5-12, with
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which TECPR1 interacts [62, 63]. TECPR1 is also critical for efficient targeting of
intracellular bacteria to APs during selective autophagy [62]. While in yeast evidence for an
amphisome intermediate is still missing, there are PI3P effectors, such as Atg24 and Vam7,
which are necessary for efficient AP-vacuole fusion (Figure 5) [6, 27].

Finally, PI3P is important for the retrograde movement of APs from the cell periphery
toward the (+) ends of microtubules via the dynein/dynactin complex. FYCO1 (FYVE and
coiled-coil [CC] domain containing 1), a PI3P binding, FYVE-domain containing protein,
was recently identified as a novel LC3 and Rab7 interactor (Figure 5). During starvation,
FYCO1 relocalizes from a juxtanuclear position to more peripheral APs and amphisomes
[64]. The recruitment of FYCO1 associated APs to Rab7 positive endosomes is likely
important for proper targeting of the APs as well as promoting Rab7-dependent maturation
of these organelles [65, 66].

Although a growing number of PI3P effectors enabling the efficient biogenesis and
maturation of APs are being identified, it will be important to establish a hierarchy for these
factors in the autophagy process and to better understand their regulation and specific
functions. Finally, the molecular links between PI3P effectors and the Atg8/LC3 conjugation
system are still unclear.

Revisiting the role of Vps34 in mammalian autophagy
Previous genetic, molecular and pharmacological studies suggested that local production of
PI3P by Vps34 is required for AP biogenesis. For instance, in yeast, Vps34 is the sole PI3K
and its ablation prevents the formation of APs [24]. Importantly, re-expression of a kinase-
dead version of Vps34 in the null background fails to rescue the phenotype, demonstrating
the importance of PI3P synthesis [43]. Similarly, in flies not expressing Vps34 or expressing
a catalytically-dead version of the lipid kinase, autophagy induction is severely inhibited in
fat body and mosaic eye imaginal discs [67]. However, in higher eukaryotes such as
mammals, the extent to which autophagy depends on Vps34 is less clear for several reasons.
First, evidence obtained from experiments utilizing low specificity PI3K inhibitors, such as
wortmannin or 3-MA, is typically regarded as proof for an involvement of Vps34, which can
be misleading as these drugs are known to have other targets. Second, functional studies
targeting major Vps34 regulators, such as Beclin 1, are often used as indirect proofs for an
involvement of Vps34, which is not necessarily the case. Finally, recent mouse genetic
studies have provided contradictory evidence regarding the role of Vps34 in autophagy.
Although full-body deletion of Vps34 proved embryonically lethal [68], conditional genetics
models allowed for the study of autophagy as well as the other cellular functions of murine
Vps34 in a cell type- or tissue-specific fashion. In sensory neurons, lack of Vps34 primarily
causes defects in the endo-lysosomal system, sparing AP formation and LC3 lipidation,
although the functionality of autophagy was not investigated [69]. Another study confirmed
this result by electron microscopy in Vps34-deficient T-lymphocytes from this same mouse
model [70]. Contrary to this finding, a second, independent Vps34 conditional knockout
mouse model reported Vps34 to be essential for AP formation in cultured mouse embryonic
fibroblasts as well as in hepatocytes and cardiomyocytes in vivo [71]. This finding agrees
with a third, more recently published model, which reported lower levels of autophagy in T-
cells lacking Vps34 as evidenced by decreased LC3-II levels and an accumulation of p62
[72]. This disparity in the phenotypes reported may be accounted for by differences in
mouse genetic background, gene targeting strategy and cell types used for those studies.
Overall, it remains unclear whether a Vps34-independent source of PI3P can promote AP
formation and/or whether other lipid signals are implicated in this process. In fact,
precedents exist for alternate sources of PI3P, such as class II PI3Ks (PI3K-C2) and inositol
4-phosphatase Inpp4, in contexts other than autophagy [15, 73, 74]. Finally, it will be
essential to assess genetically the role of Vps34-derived PI3P in non-canonical, alternative
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autophagy pathways [75]. These non-canonical pathways, for which evidence is
accumulating, refer to mechanisms leading to the formation of functional APs that bypass
key autophagy proteins and occur in response to specific stimuli/drugs, such as etoposide
[76] or resveratrol [77].

Regulation of autophagy by inositol 3-phosphatases
At the step of AP formation, the balance between the production of PI3P by Vps34 and the
turnover of PI3P by phosphatases is critical in regulating both size and rate of production of
APs [13]. In fact, the asymmetric distribution of PI3P along the isolation membrane may be
achieved not only through spatially-restricted synthesis of PI3P, but also through local
changes in the metabolism of PI3P via tightly controlled switches in the balance between
kinases and phosphatases. For instance, phosphoinositide 3-phosphatases, such as Jumpy
(MTMR14) and MTMR3, have been implicated in the negative regulation of a pool of PI3P
relevant for autophagy [13, 78-80]. For instance, knockdown of Jumpy resulted in an
increase in WIPI-1 puncta and autophagic flux under both normal and starvation conditions
[78]. Similarly, silencing of MTMR3 was shown to increase AP formation, whereas
overexpression resulted in fewer and smaller APs [80]. Interestingly, the protein tyrosine
phosphatase σ (PTPσ) has also been implicated in the negative regulation of PI3P levels
during autophagy, although the underlying mechanism is unknown [81]. Thus, phosphatases
are clearly important in controlling PI3P levels at the initiation step of AP formation, but
whether this type of regulation occurs at later steps of autophagy is unclear. However, a
recent study in yeast, has reported that conversion of PI3P to PI by PI3P phosphatases is
required for the disassembly of Atg proteins from the limiting membrane of APs as well as
AP-vacuole fusion during selective and nonselective types of autophagy [82]. The PI3P
phosphatase mediating PI3P turnover in this instance is Ymr1, the sole myotubularin
ortholog in yeast, although another phosphoinositide phosphatase, synaptojanin-like protein
3, contributes to this turnover via its Sac1 phosphatase domain [82] (Figure 3). Overall, this
study suggests that PI3P phosphatases also have a positive role in autophagy, in contrast to
previous models [13, 82].

PI(3,5)P2 controls late stages in the autophagy process
PI3P can also be phosphorylated to PI(3,5)P2, which has been implicated in autophagy and,
specifically, in the maturation and turnover of APs [6, 83, 84]. PI(3,5)P2 is synthesized by a
protein complex consisting of three major components: the PI3P 5-kinase Fab1/PIKfyve, the
5-phosphatase Fig 4/Sac3 and the scaffold protein Vac14 [84, 85]. Fab1/PIKfyve binds
endosomal PI3P via its FYVE domain and controls trafficking along and recycling from the
endo-lysosomal system, as evidenced by the striking increase in vacuoles upon inactivation
of PI(3,5)P2 synthesis [84, 86]. Although yeast autophagy appears to be independent of
PI(3,5)P2, a role for PI(3,5)P2 synthesis in AP maturation was observed in the fly mutant of
Fab1 [87] and confirmed in mammals through both pharmacologic and genetic approaches
[83, 88-90] (Figure 3). It has been hypothesized that PI(3,5)P2 may indirectly affect
autophagosomal turnover through its more global homeostatic role in the endo-lysosomal
system by promoting efficient membrane trafficking and fusion events as well as
compartment acidification [86]. Alternatively, PI(3,5)P2 production on the AP membrane
may provide a lipid signal necessary for the maturation of these organelles. Lastly, PI(3,5)P2
may be required for the recycling of autophagolysosome membrane after fusion of the AP/
amphisome with the lysosome [86] (Figure 1). Whether phosphatases, such as myotubularin
family members, are used to negatively regulate P(3,5)P2 levels during AP maturation
remains undetermined. Finally, because the PROPPIN family (e.g., Atg18) tends to have
dual specificity for PI3P and PI(3,5)P2 [48], PI(3,5)P2 may play an underappreciated role in
the control of PROPPINS’ function during autophagy.
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Emerging roles for PI4P and PI(4,5)P2 in autophagy
Studies in the yeast Pichia pastoris have originally revealed an important role for PI4P in
selective degradation of peroxisomes. Generation of PI4P at the micropexophagy-specific
membrane apparatus (MIPA) by the PI 4-kinase (PI4K) PpPik1 concentrates the PI4P
effector PpAtg26 through its GRAM and trGRAM-PH domains (Figure 3). Recruitment of
PpAtg26 to the nucleation site of pexophagosomes enables the sterol conversion to sterol
glucoside necessary for elongation and maturation of the growing membrane structure [91].
However, a recent study reported that Pik1, the homolog of PpPik1 in in S. cerevisiae, has a
broader role in autophagy as it functions both in nonselective and selective (e.g., mitophagy)
types of autophagy [92]. In this species, Pik1 and its product PI4P typically mediate the exit
of secretory vesicles from the trans-Golgi (TGN) under normal conditions (reviewed in ref.
[12]). Upon autophagy induction, Pik1 promotes the anterograde traffic of Atg9 from the
Golgi complex and/or post-Golgi compartments towards the PAS [92] (Figure 3), a process
required for the recruitment of various other essential Atg proteins [3]. The same study
showed that a distinct and plasma membrane-localized PI4K isoform, Stt4, also functions in
nonselective and selective types of autophagy (Figure 3), although this requirement appears
to be independent of the Atg9 traffic regulation [92]. Finally, this study showed that
conversion of a plasma membrane-bound pool of PI4P to PI(4,5)P2 by the PI4P 5-kinase
(PIP5K), Mss4, is required for mitophagy, but not for nonselective autophagy [92] (Figure
3). While the identification in yeast of autophagic roles for PI4K and PIP5K is an important
step forward, elucidating the effectors acting downstream of their products PI4P and
PI(4,5)P2, respectively, should provide mechanistic insights into the molecular basis of this
involvement. One potential PI4P effector relevant for yeast autophagy is Kes1, a member of
the oxysterol-binding protein family, which binds both PI4P and sterol and localizes to
TGN/endosomal membranes [93]. Indeed, Kes1 appears to negatively regulate autophagy
through its metabolic control of PI3P levels [94].

Remarkably, the PI4P-to-PI(4,5)P2 conversion was also shown to play a key role in a late
step of mammalian autophagy called autophagic lysosome reformation (ALR) (Figure 1).
This process, which occurs during prolonged starvation, refers to the de novo biogenesis of
lysosomes from existing auto(phago)lysosomes through tubulation of their limiting
membranes, followed by fission of these tubular protrusions [95]. Clues obtained through
proteomic analysis of these purified tubules pointed to clathrin and its associated machinery,
including clathrin daptors and PI(4,5)P2-synthesizing enzymes, as candidate mediators of
ARL [96]. Further characterization and validation of these proteomic hits through RNA
interference indicated that conversion of PI4P to PI(4,5)P2 by PIP5K1B mediates the
recruitment of clathrin to the autolysosomes (via its adaptors), while the same reaction
catalyzed by a distinct isoform, PIP5K1A, appears to control the fission of these tubules
reforming from autolysosomes [96] (Figure 1 and 3). Interestingly, PI4P and PI(4,5)P2 were
found to be differentially localized on these organelles, as PI4P was uniformly distributed on
autolysosomal membranes, whereas PI(4,5)P2, similar to PIPK51A, was enriched on buds
and tubules emerging from autolysosomes [96]. Overall, this study suggests that transient
and local synthesis of PI4P and PI(4,5)P2, mediates important steps of ARL through the
“reuse” of factors, such as clathrin and its adaptors, who function in other trafficking steps
under basal conditions [96]. Additional roles for PIP5Ks in autophagy are discussed below.

Phosphatidic acid and the phospholipase D pathway
While phosphoinositide metabolizing enzymes are the best-known lipid enzymes regulating
autophagy, recent work has demonstrated the importance of other pathways, such as
phospholipase D (PLD). This enzyme hydrolyzes phosphatidylcholine (PC) to produce
choline as well as the bioactive phospholipid PA, which has been implicated in a variety of
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trafficking and signaling processes [11, 97]. PA has been proposed to exert its biological
actions through its direct effects on membranes via its “cone” shape and negative curvature-
inducing properties (Figure 2D) or through effector proteins, such as mTOR (Figure 4).
Finally, PA can be converted to metabolites, such as diacyglycerol (DAG), which have
distinct bioactive properties [11, 97, 98].

PLD1 as a positive modulator of autophagy
Work from our laboratory identified PLD1 as a positive modulator of autophagy in various
cell lines as well as in hepatocytes in vivo using a mouse genetic model [99]. Under normal
conditions the majority of PLD1 is localized to the endo-lysosomal system; however, during
nutrient deprivation, PLD1 partially relocalizes to the outer membrane of AP-related
structures, but appears absent from isolation membranes [99] (Figure 1). The subcellular
localization of PLD1 during starvation, which depends on its PI3P-binding NH2-terminal
PX domain and Vps34 (Figure 5) [99, 100], is consistent with a role of PLD1 in the
maturation of APs. However, inhibition of the PLD pathway also decreases the production
of LC3 positive structures as well as LC3-II levels, suggesting that the PLD pathway also
regulates AP formation. Importantly, genetic ablation of PLD1 leads to a reduction in the
size and number of APs in the liver of starved mice, a phenotype consistent with that
observed in PLD1-deficient mouse embryonic fibroblasts (MEFs) [99]. Additionally,
blockade of PLD with a pharmacological inhibitor results in enhanced levels of p62 and tau
aggregates in organotypic brain slices, suggesting that the function of PLD is not restricted
to starvation-induced autophagy [99]. Although the catalytic activity of PLD is essential for
its autophagic functions, the mechanism of action of PLD and the specific modulatory
role(s) of PA in the biogenesis and maturation of APs are unclear.

PLD as a source of DAG for PKC-regulated autophagy
A potential mechanism for the involvement of PLD in the initiation of autophagy was
described in a study of Salmonella-induced autophagy, which showed that PLD enzymes are
a critical source of DAG to initiate the host cell’s antibacterial autophagy of S. typhimurium
[101] (Figure 1). In this non-canonical autophagy pathway (which may be related to LC3-
associated phagocytosis [102]), DAG is produced by the dephosphorylation of PLD-
produced PA by a PA phosphatase (PAP) and mediates the downstream stimulation of
protein kinase Cδ (PKCδ), which can in turn activate autophagy by dissociating the Bcl-2-
Beclin 1 complex via JNK and by stimulating NADPH oxidase [101]. Interestingly, the PA/
DAG/PKCδ signaling cascade in Salmonella-induced autophagy represents a parallel
pathway to the one involving the ubiquitin-binding p62/SQTSM1 adaptor (ubi-p62/
SQTSM1) [103]. In fact, blockade of both PA/DAG/PKC and ubi-p62/SQTSM1 pathways
additively inhibits antibacterial autophagy [101]. Importantly, this PKC pathway is also
required for rapamycin-induced autophagy. In addition to PKCδ, two other mammalian
PKC isoforms, PKCα and PKCθ, mediate palmitic acid- and ER stress-induced autophagy,
respectively [104, 105]. The autophagic function of PKC is conserved in evolution, as the
single yeast ortholog of PKC, Pkc1, is necessary for starvation-induced autophagy in yeast
[101]. However, the PLD/PA/DAG/PKC pathway does not appear to be conserved, as the
sole PLD ortholog in yeast, Spo14, is not essential for starvation-induced autophagy. In
Pichia pastoris, Spo14 is important for the unconventional secretion of Acb1, a phenomenon
requiring various elements of the autophagy machinery for the formation of APs containing
Acb1 prior to their Spo14-dependent fusion with the plasma membrane [106].

Regulation of ATG16L traffic and autophagy initiation by the Arf6-PLD pathway
The implication of PLD1 in starvation-induced autophagy [99] has brought attention to the
upstream regulation of this enzyme. One such regulator, the small GTPase Arf6, has been
recently shown to control the initiation of autophagy in a PLD-dependent fashion [107]
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(Figure 1). Previous studies had shown that the plasma membrane and endocytic processes
contribute directly to the formation of Atg16L1-positive AP precursors [108]. Arf6, which
mediates a form of clathrin-independent endocytosis as well as recycling of various cargoes
from the recycling endosome to the cell surface [109], was implicated in autophagy
initiation at this very step [107]. Arf6 is mobilized onto isolation membranes under nutrient
starvation [107]. Importantly, it is known to stimulate PI(4,5)P2 and PA synthesis via an
activation of PIP5K and PLD, respectively [97]. In fact, a positive feedback loop has been
described in various contexts, whereby PA stimulates PIP5Ks and PI(4,5)P2, in turn,
stimulates PLD activity [97] (Figure 1). Similarly, the autophagic function of Arf6 requires
PIP5KC, which is distinct from the two PIP5K isoforms involved in ARL, as well as PLD
(Figure 3). The latter was shown using an Arf6 mutant (N48R) that is deficient in PLD
binding, but preserves other critical interactions [107, 110]. Overall, this study on Arf6
provides incentive for additional studies examining the effects on autophagy of various PLD
activators, including PKC isoforms, the small GTPase Ral and 5’ adenosine
monophosphate-activated protein kinase (AMPK), all of which have already been implicated
in autophagy [101, 104, 105, 111-114].

The PLD1/Vps34 paradox: autophagy vs. nutrient sensing via mTORC1
While Vps34 and PLD1 have been implicated in the positive regulation of starvation-
induced autophagy, both lipid enzymes also enable amino acid-induced stimulation of the
mTORC1 pathway, which suppresses autophagy [9] (Figure 4). PLD-derived PA was
originally shown to promote the mitogenic activation of mTOR by binding to its FKBP12-
rapamycin binding (FRB) domain in a site that competes with rapamycin [115]. Importantly,
mitogens were shown to increase PLD1 activity and this increase required Rheb, a positive
regulator of mTORC1, as well as the presence of amino acids [115]. Not only mitogens, but
also amino acids and glucose were shown to positively regulate the activity of PLD1
following nutrient withdrawal [100, 116]. In addition to Rheb, Vps34 and its product PI3P
appear to be important for PLD1- and amino acid-mediated mTORC1 signaling [40, 98,
100, 116] (Figure 4). Remarkably, in the absence of amino acids, exogenously-added PI3P is
sufficient to promote PLD1 activation but fails to activate mTORC1; moreover, in the
absence of Vps34, exogenously-added PA or PI3P can reactivate mTORC1 signaling but
only in the presence of amino acids, suggesting that the Vps34/PLD1 pathway is necessary
but not sufficient to reactivate mTORC1 after nutrient deprivation [98, 100] (Figure 4).
Additionally, the lack of obvious phenotypes at the organismal level in mice lacking PLD1
argues against a fundamental role in mTOR signaling [99]. Furthermore, a recent study
employed Vps34 knockout MEFs and mice to show that the lipid kinase does not control the
basal level of mTORC1 activation, but is critical for acute mTORC1 reactivation by
nutrients following amino acid withdrawal (in MEFs) or food restriction (in liver tissue)
[71]. Overall, because both PLD1 and Vps34 play a role in the biology of the endo-
lysosomal system, their involvement in mTORC1 regulation at these stations is not
surprising. However, the molecular basis controlling the sensing of amino acids, and more
generally nutrients, by Vps34 and PLD1 as well as that controlling the pro- and anti-
autophagic roles of these enzymes need to be clarified. Finally, other lipid enzymes have
been shown to control mTORC1 signaling. Recent work in adipocytes has shown that
Raptor, a subunit of the mTORC1 complex, binds directly to PI(3,5)P2 through its WD40
domain and that PI3K-C2α and PIKfyve-dependent sequential generation of PI3P and
PI(3,5)P2 provides a local signal for the activation of mTORC1 at the plasma membrane by
both amino acids and insulin [117] (Figure 4).

Control of autophagy by sphingolipids
Sphingolipids are a class of bioactive molecules implicated in a wide range of physiological
processes, such as autophagy, cell growth, apoptosis, stress responses, angiogenesis and
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inflammatory response [118]. The two main species of sphingolipids involved in autophagy
are ceramide and shingosine-1-phosphate (SPH-1-P) (Figure 3). Both these lipids activate
autophagy, promoting cell survival and protecting against apoptotic cell death. However,
prolonged ceramide signaling can also lead to non-apoptotic cell death [6, 118]. In the past
decade, several studies have established that ceramide levels are upregulated when
autophagy is induced by stress or a variety of drug treatments (e.g., tamoxifen, resveratrol),
and that ceramide itself activates autophagy [118]. For instance, the exogenous application
of short-chain ceramide (e.g., C2-ceramide) stimulates autophagy, likely by promoting the
de novo synthesis of long chain-ceramide [118, 119]. Long chain ceramides, in turn, can
activate autophagy by inhibiting the phosphorylation of Akt/PKB in the class I PI3K
pathway, reducing the activation of mTOR and upregulating Beclin 1 function, in part
through a JNK1-mediated dissociation of the Beclin 1-Bcl2 complex [118, 120]. Alternate
models involve the ceramide-induced downregulation of amino acid transporters, causing a
decrease in nutrient uptake and a metabolic stress that stimulates autophagy through reduced
mTOR signaling (Figure 4) [121].

Ceramide is also a key intermediate for the generation of SPH-1-P, which plays equally
important roles in autophagy [118]. Indeed, ceramidase-mediated hydrolysis of ceramide
gives rise to sphingosine, which, in turn, can be phosphorylated to SPH-1-P by sphingosine
kinases (SK) 1 and 2. Starvation increases the activity of SK1, promoting the intracellular
formation of SPH-1-P (Figure 3) [122]. Moreover, SK1 overexpression stimulates
autophagy by inhibiting the mTOR pathway independently of Akt/PKB phosphorylation and
protects against starvation-induced cell death. Conversely, depletion or inactivation of SK1
causes autophagic cell death [118, 122]. In agreement with these findings, upregulation of
SPH-1-P levels by silencing one of its catabolizing enzymes, sphingosine phosphate
phosphatase 1, induces the unfolded protein response, ER stress and a form of autophagy
that is insensitive to 3-MA and independent of mTOR regulation [123] (Figure 3 and 4). In
summary, while there is a clear implication of sphingolipids in the control of the balance
between autophagy and cell death, their precise mechanisms of action need to be further
elucidated.

Conclusions and future directions
As highlighted in this review, lipids play pleiotropic roles in the control of autophagy, a
process that involves a dramatic remodeling of intracellular membranes. Central to this
regulation is the membrane-cytosol interface, where a variety of lipids, primarily
phospholipids, either directly sculpt lipid bilayers, or assemble protein scaffolds responsible
for the various steps that constitute the autophagy process. These range from signal
transduction processes to the biogenesis and maturation of APs and ultimately, to the
clearance of the AP cargoes. One of the key questions in the field concerns the precise lipid-
based mechanisms controlling the biogenesis of APs [7, 61]. One model posits that lipids
may be directly transferred in a non-vesicular fashion to the nascent AP in close proximity
to the ER [124, 125] or mitochondria [126], while another model implies vesicular transfer
of lipids through bona fide membrane carriers. It can be hypothesized that the local transfer
of lipids from the ER or mitochondria to the isolation membrane may help with the initial
phase in the growth of the AP, whereas the massive expansion of this organelle into an AP
likely relies on vesicular inputs. High-resolution electron microscopy, combined with super-
resolution fluorescence microscopy may resolve this issue.

While this review focuses on the regulatory roles of lipids in autophagy, lipids themselves
have also been identified as autophagy substrates in a recently discovered pathway that
involves the direct consumption of cellular fat in the form of lipid droplets by
autophagolysosomes [2]. This phenomenon, which is referred to as macrolipophagy,
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mediates the breakdown of triglycerides into fatty acids for the purpose of energy
homeostasis in such tissues as the liver, although a growing number of cell types and tissues
are reported to utilize this pathway, pointing to its fundamental role in cellular and
organismal physiology. Further reinforcing the crosstalk between lipids and autophagy, free
fatty acids, such as palmitic acid, can also trigger this process [104]. Finally, cholesterol has
been implicated in the organization of microdomains within lysosomal membranes that
control the efficacy of CMA as well as AP-lysosome fusion [127, 128]. Overall, the five
main lipid classes (i.e., fatty acids, phospholipids, glycerolipids, sphingolipids and sterols)
have been directly implicated in autophagy, although for most of these classes, the
molecular basis underlying their involvement in autophagy is poorly understood. In this
respect, systems biology approaches such as lipidomics, a mass spectrometry-based
technology, should help understand in an unbiased manner the specific roles of lipids in
autophagy [129]. This methodology has been recently used to determine the impact of high
fat or high cholesterol diet as well as aging on the lipid composition of lysosomal
membranes derived from mouse liver, giving rise to novel lipid-based hypotheses on how
these treatments may diminish the efficacy of CMA [128]. It is of note that the profiling of
autophagic vacuole membrane by various “omics”-based approaches, including lipidomics,
faces the inherent problem of cargoes contributing perhaps significantly to the molecular
profiles, requiring a prior separation of these cargoes from the autophagic vacuole
membranes for accurate measurements.

Finally, there is intense debate in the field about the potential of autophagy modulation as a
therapeutic tool. Exploiting lipid signaling pathways should be seriously considered, based
on the highly successful precedents of statins and cyclooxygenase inhibitors in a variety of
therapeutic applications. Particularly, targeting autophagy modulators rather than essential
components of this pathway may prove beneficial.
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Figure 1. Lipids and their metabolizing enzymes in the regulation of mammalian autophagy
Macroautophagy begins by the formation of an isolation membrane (IM), which sequesters
cytoplasmic substrates and seals to form autophagosomes (APs). APs undergo a maturation
process through fusion with early and late endosomes, forming amphisomes. These hybrid
organelles eventually fuse with lysosomes (autophagolysosomes, AL), where the
degradation of sequestered material occurs. At the end of this process, ALs give rise to
lysosomes through a recycling process called autophagic lysosome reformation (ARL).
Several sources of membrane have been proposed for the IM: endoplasmic reticulum (ER),
plasma membrane (PM), mitochondria (M) and Golgi apparatus (GA). A popular model
posits that APs are nucleated at specialized sites of the ER referred to as “omegasomes”
(Om), which are generated through a Vps34/PI3P-dependent mechanism and disengage to
form the IM. Plasma membrane-derived Atg16L-positive vesicles can also contribute to the
formation of IMs after their homotypic fusion. The small GTPase Arf6 modulates this
process by activating two lipid enzymes, PLD1 and PIP5K, which produce PA and
PI(4,5)P2, respectively. LC3 family members are lapidated through a covalent bond to
phosphatidylethanolamine (PE) on the IM and APs. The pool of LC3-like molecules located
on the outer membrane is released before APs fuse with the lysosomes, while the one
located in the inner membrane is degraded alongside the AL cargoes. Other lipids (black)
and their corresponding metabolizing enzymes (blue) are shown in the figure, based on their
implication in starvation-induce autophagy or non-canonical forms of autophagy, such as
that induced by Salmonella. Lysosomes are also essential for chaperone-mediated autophagy
(CMA) and microautophagy (not shown on the figure). In CMA, proteins harboring the
peptide motif KFERQ are selectively recognized by a cytosolic chaperone, Hsc70, targeting
these proteins to the lysosomal membrane, where they can be internalized for degradation
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through the formation of a complex with LAMP2. In contrast, microautophagy involves the
direct engulfment of cytoplasmic material, including proteins, into lysosomes through
mechanisms involving the formation of intraluminal vesicles. SCV, Salmonella containing
vacuole.
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Figure 2. Modes of action of lipids
(A) Lipids mediating signal transduction processes. Class I PI3Ks and their product
PI(3,4,5)P3 play a central role in mediating the signaling cascade of mTORC1 pathway.
Growth factor-activated receptors stimulate PI3K to phosphorylate PI(4,5)P2 in order to
produce PI(3,4,5)P3, which activates the Akt signaling pathway. Akt blocks the inhibitory
effects of the TSC1/TSC2 complex on the small GTPase Rheb. Activated Rheb, in turn,
promotes TORC1 complex signaling.
(B) Lipids mediating the local recruitment of effectors to membranes. PI3P acts as
membrane-bound localized signal controlling the assembly of protein scaffolds at the
membrane-cytosol interface mediating AP biogenesis through membrane deformation and
expansion as well as perhaps AP transport.
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(C) Lipids mediating covalent modification of proteins. The Atg8/LC3 family is stably
anchored to the membrane of phagophores through a covalent binding to PE. This reaction is
mediated by a cohort of proteins (ATG3, ATG4, ATG7, ATG10, ATG12, ATG5) that act as
a ubiquitin-like conjugation system. Atg8/LC3 lipidation is critical to mediate isolation
membrane elongation and AP closure.
(D) Lipids directly affecting the physicochemical properties of lipid bilayers. Examples of
this regulation include the lipids rafts (top): area of the membrane enriched in cholesterol,
sphingomyelin (SM) and phospholipids harboring mostly saturated fatty acyl chains which
stabilize a liquid ordered phase within the bilayers. For instance, cholesterol-enriched
microdomains have been shown to play a role in chaperone-mediated autophagy. Other
examples are the cone-shape lipids, such as phosphatidic acid (PA), diacylglycerol (DAG)
and ceramide (Cer), which prefer or induce membrane curvature facilitating the budding or
fusion of vesicles. Inverted cone shape lipids, such as lysophosphatidylcholine (LPC), favor
instead positive curvature.
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Figure 3. Lipid and lipid enzymes implicated in autophagy
The lipids enzymes involved in the modulation of the autophagy pathway are subdivided
into three classes, depending on whether they act on phosphoinositides, phosphatidic acid
(PA) or sphingolipids. Their catalytic reactions as well as specific functions in autophagy
regulation are indicated. Arrows denote a positive or a negative effect on autophagy. Note
that the synaptojanin-like protein 3 is also an inositol 5-phosphatase that can
dephosphorylate PI(4,5)P2 but only its 3-phosphatase activity mediated by its Sac1 domain
has been implicated in autophagy so far.
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Figure 4. Lipid signaling in the mTORC1 pathway
mTORC1 modulates cell response (cell growth and proliferation) to nutrients and is a key
suppressor of autophagy. An adequate level of amino acids, glucose and growth factors is
required for its activation (black arrows). Lipids (green) and lipid enzymes (yellow) play a
major role in mediating the regulation of mTORC1. In the presence of nutrients and
mitogens, class I PI3K product PI(3,4,5)P3 indirectly activates mTORC1, however, in
absence of nutrients (purple arrows) mTORC1 signaling is shut down and several lipids
(e.g., PI3P, PA, DAG, SPH-1-P) act as positive modulators of autophagy. Specifically,
SPH-1-P produced by SK1 contributes to mTORC1 inhibition, whereas PI3P, PA and DAG
produced by Class III PI3K, PLD1 and PAP, respectively, act downstream (or
independently) of mTORC1 and mediate signaling and membrane remodelling to support
autophagy activation. Both PI3P and PA have an antagonistic role on mTORC1 regulation:
amino acid re-addition after nutrient withdrawal (light purple lane) stimulates PI3P
production and activation of PLD1. Locally synthesized PA, binds directly to mTORC1 and
contributes to its recruitment back to the lysosomes and recovery of the signaling. Under
normal growth conditions (black lane), ceramide upregulation activates autophagy through
the downregulation of nutrient (amino acids, glucose) transporters and inhibition of
upstream mTORC1 signaling (Akt/PKB). The product of lipid kinase PIKfyve, PI(3,5)P2,
binds to mTORC1 and participates to its reactivation in presence of insulin (pink lane) and
amino-acids re-addition (light purple lane).
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Figure 5. Glossary of PI3P autophagy effectors
PI3P-binding modules/motifs (shown in bold) include: BATS, biotin and thiamine synthesis
associated domain; FYVE, protein present in Fab1, YOTB, Vac1, and EEA1; PH, pleckstrin
homology domain; PX, Phox homology domain; WD40, defined as a core unit of
approximately 40 amino acids ending with the residues tryptophan and aspartic acid which
adopts a 7-bladed beta propeller fold containing a PI3P binding FRRG or LRRG motif. In
the case of Alfy, however, the individual WD40 regions are shown (WD40*) because it is
unclear whether they adopt a beta propeller fold.
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