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Editorial on the Research Topic

Connections to Membrane Trafficking Where You Least Expect Them: Diseases, Dynamics,

Diet and Distance

Membranous compartments within cells form not only an aesthetically interesting, dynamical
three-dimensional structure—they also present a conundrum: how do these exotic vesicular,
tubular, and pancake-like shapes meld into each other and communicate, yet maintain distinct
identities and morphologies, in addition to steering the trafficking and precise targeting of their
cargoes? How are their shapes, compositions, and positions in the cell controlled—all of which
seem to be of prime importance to their functions? Perhaps most mysteriously of all, how does
vesicle trafficking impinge upon spatially (and conceptually) distant downstream processes such as
morphology and metabolism?

Defects in membrane trafficking can be disastrous for the cell and for the organism. Diseases
as diverse as Parkinson’s, diabetes, metabolic syndrome, and cancer are known to have at
least some causal component, if not a central origin, related to vesicle trafficking and/or lipid
metabolic control. An expanding array of possible causes and consequences of faulty trafficking
among vesicular compartments is being cataloged, with ever more surprising connections
being discovered.

Vesicular organelles were once thought to function as more or less independent entities,
but cellular processes demand an interplay between different compartments. One way in which
different membrane-bound compartments interact is via physical contact. Although previously
underappreciated, now with the help of the newest wave of high-resolution imaging techniques,
vesicular organelles have been observed in the act of intimate contact and lipid exchange.
Endoplasmic reticulum (ER)-mitochondrial contacts were an early example of such conduits of
transport, but now nearly all possible pairings have been witnessed and their purposes described.
The review by Joshi and Cohen in this collection comprehensively summarizes the links between
two intracellular metabolic hubs: lipid droplets (LD) and peroxisomes. LD and peroxisomes are
tethered by interactions between spastin and ABCD1, but this review further elaborates on how
these two compartments are also linked by their common origin in the same ER sub-domains.
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Interaction of membrane-bound compartments also comes
into play in the degradation of toxic, misfolded, or otherwise
harmful proteins. For example, autophagy-based degradation
is almost entirely dependent on the prerequisite of membrane
transfer/contact starting from its biogenesis. Two research papers
in this collection investigate the mechanisms underlying the
relevance of membrane bound processes in degradation of
protein and metabolite build-up (Jacomin et al.; Sim et al.).

Other functions mediated by vesicular membranes are less
obvious. For example, one area that will surely break into this
realm of research in a big way is the influence of metabolic factors
like diet and oxidative stress. Several papers in this issue deal with
this topic: Trautenberg et al. also related elements of the diet
to potentially protective or degenerative intracellular signaling
pathways, the relevant lipid cues derived from stationary S.
cerevisiae activating Akt/PKB isoforms through the accumulation
of PIP3.

One of the ways in which dietary lipids could affect
trafficking is by changing the deformability and bending of
membranes. This is a likely scenario, since dietary lipids alter
the composition of cellular membranes, after a long journey
through the digestive system and metabolism (Clandinin et al.,
1983). Differences in physical and biochemical structure in turn
affect both vesiculation (Pinot et al., 2014), and susceptibility
to ROS-induced peroxidation. In pursuit of understanding
the physical effects that could mediate these changes, Tyler
et al. examined the effects of cis vs. trans fatty acids on the
properties of membranes using X-ray diffraction and membrane
fluctuation analysis.

Among the topics in this collection, we encounter innovative
methods that are used in different model organisms to
approach aspects of ROS- and free-radical mediated damage to
neurons. For example, Jacomin et al. apply X-ray synchrotron
spectromicroscopy for the first time to study the effects of age and
autophagy on iron accumulation in the fly brain. Age, autophagy,
and iron are factors associated with degeneration, partly via
oxidative stress arising from non-degraded mitochondria or the
damage done by the catalysis of free radical reactions. The use
of this unconventional approach enabled the authors to flag
Fe-S complexes in mitochondria, rather than total levels of Fe
in the brain, as a likely culprit. Beaudoin-Chabot et al. whose
study similarly dealt with the effects of oxidative stress-inducing
conditions showed, by feeding deuterated polyunsaturated
fatty acids (dPUFAs) to C. elegans worms, that this diet
could protect the animals against the deleterious effects of
peroxidated lipids, extending the lifespan. The mechanism
they propose helps to solve the long-standing problem of
why antioxidants are frustratingly ineffective in combating
degenerative conditions. In an overview of the involvement
of another stress- and degeneration-related phenomenon, ER
stress, Chadwick and Lajoie describe its interplay with lipids,
autophagy, and aging, touching on many of the factors
mentioned above.

Membrane biophysics and dynamics are important
determinants of vesicular behavior and have accordingly
been a subject of keen interest. Many questions concern
the influence of lipid composition, curvature, and specific

lipid species on membrane dynamics, and how these either
control or are controlled by membrane sub-domains.
For instance, lipid mediators are surely involved in the
corralling of receptors into an array of specific domains
at the plasma membrane surface, which in turn affect
endocytic uptake, and thus function. Phenomena like
this are described by Busto and Wedlich-Söldner in their
review of the domain segregation of nutrient transporters
in yeast.

In addition to lateral segregation of different classes of
membrane lipids influencing endocytic budding, the sorting
of particular signaling species, like phosphatidic acid (PA),
to different membrane locales can also regulate intracellular
membrane transport and the activities of associated proteins.
Thakur et al., provide a cell biological, analytical, and biochemical
perspective on PA structure, metabolism, and its segregation into
distinct functional pools. Interestingly this segregation is crucial
for the signaling functioning of PA with consequences for tissue
development, health, and physiology.

There is a vast diversity of lipid species in eukaryotes (Wenk,
2010). How this diversity contributes to specific membrane
trafficking routes is unanswered. Corollary to this is the question
of how the spatial distribution of the lipid species in the
different membrane-bound compartments is achieved, especially
(i) within organelles and (ii) when they exchange membranes
during transport.

Another recurring theme in the collection is the surprising
role of adaptors or accessory proteins in different vesicular
systems (see Lurick et al., 2018 for review) in neuronal
morphology, e.g., early-to-late endocytic trafficking and
autophagy: Harish et al., for example show that dMon1, a
Rab7 exchange factor involved in conversion of early to late
endosomes in the fly, puts the brakes on dendritic branching
of neurons. This was mediated, not as expected, through
“passive” interference with lysosomal trafficking, but rather
through a Rab11 recycling pathway at the membrane. Sim
et al. used live primary neurons, also in the fly, to show
that a BEACH domain protein, known previously only as
a Rab11-interacting autophagic adaptor, not only actively
moves around between early and late autophagic vesicles
depending on the stressor (starvation or protein aggregates) but
when overexpressed greatly increases the numbers of mature
autophagosomes. Coincidentally, like dMon1, the protein
was originally identified because of an effect on neuronal
branching patterns (Kraut et al., 2001). Here, we repeatedly
see trafficking systems regulated by Rab proteins and their
adaptors or associates, that also control morphological processes,
seemingly far away from the vesicular events themselves.
These reports together with the literature open new questions
on the role of guanine nucleotide exchange factors (GEFs)
in trafficking. What are the different guanine nucleotide
exchange factors (GEFs) and GTPase-activating proteins
(GAPS) that coordinate different transport routes? How their
perturbation affects cargo and the transport routes? Is this
specific to cell-types?

The questions abound—as do the methods andmodel systems
used to address these. An exciting sampling of some of these
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will be presented in this Research Topic on connections to
membrane trafficking.
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Coping Mechanisms and Lifespan
Regulation in Health and Diseases
Sarah R. Chadwick and Patrick Lajoie*
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Multiple factors lead to proteostatic perturbations, often resulting in the aberrant
accumulation of toxic misfolded proteins. Cells, from yeast to humans, can respond
to sudden accumulation of secretory proteins within the endoplasmic reticulum (ER)
through pathways such as the Unfolded Protein Response (UPR). The ability of cells to
adapt the ER folding environment to the misfolded protein burden ultimately dictates cell
fate. The aging process is a particularly important modifier of the proteostasis network;
as cells age, both their ability to maintain this balance in protein folding/degradation
and their ability to respond to insults in these pathways can break down, a common
element of age-related diseases (including neurodegenerative diseases). ER stress
coping mechanisms are central to lifespan regulation under both normal and disease
states. In this review, we give a brief overview of the role of ER stress response pathways
in age-dependent neurodegeneration.

Keywords: endoplasm reticulum stress, aging, neurodegeneration, unfolded protein response, proteostasis

INTRODUCTION

Protein homeostasis (or proteostasis) is the sum of cellular processes involving protein
transcription, translation, folding, and degradation (Balch et al., 2008). In order for a cell to remain
functional and capable of adapting to changing biochemical and environmental signals, proteostasis
must remain uncompromised (Ben-Zvi et al., 2009). Protein folding is particularly important for
cellular processes, as the final conformation of a folded protein is essential to its function. Cellular
membrane dynamics are a pivotal aspect of protein folding; adaptations in the ER membrane’s
composition and size are required to maintain proteostasis, and proper protein folding, in turn, is
required to maintain this membrane integrity (Hou and Taubert, 2014).

Under normal circumstances, proteins destined for the secretory pathway are translated directly
into the ER via ribosomes embedded in the ER membrane, bound by chaperone proteins, folded,
and then packaged into vesicles for secretion (Novick et al., 1981). This includes proteins destined
for the plasma membrane, such as membrane-linked receptors, or secreted factors released into
the extracellular environment. In some cases, however, this pathway can go awry; proteins may
become misfolded or unfolded in the ER, and unable to be recovered by the protein quality control
machinery. In this instance, the improperly folded protein is targeted for degradation, exported
into the cytosol, and degraded by a proteasome (Werner et al., 1996). Again, however, this process is
imperfect. Some environmental, cellular, or molecular factors can cause disruptions in this pathway,
preventing the proper turnover of misfolded or unfolded proteins, potentially leading to their
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accumulation and aggregation. This generates a cellular
condition known as ER stress (Friedlander et al., 2000; Walter
and Ron, 2011; Karagöz et al., 2019).

Endoplasmic reticulum stress and the failure to correctly fold
proteins are associated with loss of protein function and cell
death (Zinszner et al., 1998; Hetz et al., 2006; Upton et al., 2012).
To avoid this, the cell resolves misfolded protein stress via two
major stress response pathways: the heat shock response (HSR)
(Verghese et al., 2012), which handles misfolded proteins in the
cytoplasm, and the unfolded protein response (UPR), which takes
place in the ER (Kohno et al., 1993; Cox and Walter, 1996; Liu
and Chang, 2008). These protein quality control mechanisms
are essential for maintaining the function and integrity of
cellular processes. When perturbed, they can lead to whole-
cell dysfunction and toxicity (Ruis and Schüller, 1995; Voellmy,
2004). Under normal conditions, both lead to resolution of the
cellular stress caused by the presence of misfolded proteins.
In some cases, such as in several misfolded protein-associated
diseases (Yoshida, 2007; Torres et al., 2015), these stress response
pathways themselves can become impaired. This leads to further
accumulation of misfolded proteins, which in turn causes further
UPR or HSR impairment (Delépine et al., 2000; Zhang et al.,
2002). Misfolded protein aggregates have also been shown
to bind and sequester machinery important for degrading
misfolded proteins via ER-associated degradation (ERAD), a
protein quality-control mechanism which recognizes unfolded or
misfolded proteins synthesized in the ER (Lippincott-Schwartz
et al., 1988; McCracken and Brodsky, 1996). This ERAD
impairment induces further stress in the ER and causes induction
of the UPR. Proteostatic dysfunction essentially leads to a vicious
cycle of increasing ER stress, protein accumulation, and stress
response impairment.

The UPR is a complicated signaling pathway which works
to resolve ER stress and allow protein synthesis and folding to
continue and has been shown to interact with multiple cellular
pathways and processes to do so, including (but not limited to)
those occurring in the ER (Welihinda et al., 1999; Travers et al.,
2000; Walter and Ron, 2011; Snapp, 2012). It has also been shown
to be impacted by several seemingly unrelated external influences,
including aging and lipid metabolism, and dysfunction in this
pathway has been linked with shortened cellular lifespan and
cell death (Jazwinski, 2002; Hou et al., 2014; Labunskyy et al.,
2014). Because of this, the study of the molecular mechanisms
behind ER stress and the UPR is essential to the understanding of
how protein homeostasis impacts the entire cell and its processes,
including response to stressors, aging, and cell death.

ACTIVATION OF THE UNFOLDED
PROTEIN RESPONSE

As previously mentioned, the UPR is a stress response pathway
specifically activated in response to ER stress, which is a condition
that can be generated by things such as small molecules,
environmental factors, or the accumulation of misfolded proteins
in the ER (Welihinda et al., 1999). The UPR is activated when ER
stress sensors embedded in the ER membrane detect the stressors

and respond. Interestingly, the ultimate function of the UPR
depends on the degree of activation and the length of time before
the stress is resolved (Rutkowski et al., 2006; Rutkowski and
Kaufman, 2007; Vidal and Hetz, 2012). It is primarily an adaptive
response, which rescues cells from ER stress, but prolonged ER
stress or high amplitude of UPR signaling causes the response
to become maladaptive. In these circumstances, the UPR can
activate alternate signaling pathways that result in apoptosis
(Hetz et al., 2006; Rutkowski et al., 2006; Lin et al., 2007; Upton
et al., 2012; Lu et al., 2014; Hetz and Papa, 2018).

In mammals, three distinct ER stress sensors exist: inositol
requiring kinase 1 (IRE1) (Sidrauski and Walter, 1997; Yoshida
et al., 2001; Calfon et al., 2002), double-stranded RNA-activated
protein kinase like endoplasmic reticulum kinase (PERK)
(Harding et al., 2000), and activating transcription factor 6
(ATF6) (Yoshida et al., 1998). When the UPR is activated, ER
chaperone proteins (such as BIP) dissociate from these sensors,
allowing their activation which in turn activates downstream
signaling pathways (Welihinda et al., 1999; Shen et al., 2002;
Ma and Hendershot, 2004; Pincus et al., 2010). Effector proteins
from each of the three pathways bind to UPR response element
(UPRE) sequences in gene promoters. A cell may activate over
400 UPR target genes involved in responding to ER stress, such as
chaperone proteins, ribosome biogenesis genes, ERAD effectors,
and genes to expand the ER lumen (Welihinda et al., 1999; Ma
and Hendershot, 2004; Aragón et al., 2009). Upregulation of such
genes contributes to adapt the ER folding environment to the new
misfolded protein burden.

Despite its name, the UPR can be activated by stresses
unrelated to misfolded or unfolded proteins. In addition to
increased misfolded protein burden, ER stress can be induced by
environmental factors; glucose deprivation/caloric restriction, for
example, has been shown to mildly induce ER stress (Kaeberlein
et al., 2005; Goldberg et al., 2009). Lipid concentration and
composition in cells or in the extracellular environment have also
been shown to significantly impact ER stress and UPR induction
(Pineau et al., 2009; Promlek et al., 2011; Thibault et al., 2012).
There is evidence to suggest that the UPR sensors IRE1 and PERK
can detect perturbations of ER membrane lipid composition,
independently of their luminal sensing domains, through their
transmembrane domain (Promlek et al., 2011; Volmer et al.,
2013; Kono et al., 2017). Other studies have also shown that the
UPR is highly involved in responding to perturbation of lipid
homeostasis (Thibault et al., 2012) and controls lipid synthesis
and ER membrane proliferation in response to various cell
stresses (Bernales et al., 2006; Schuck et al., 2009). Thus, UPR
activation in the absence of unfolded proteins, via perturbation
in the lipid composition of ER membrane, represents another
regulatory mechanism (Promlek et al., 2011; Lajoie et al., 2012;
Snapp, 2012; Volmer et al., 2013; Volmer and Ron, 2015)
which may be important for UPR activation in ER stress-
associated diseases.

Macroautophagy (henceforth, “autophagy”) is another protein
quality control process which relies heavily upon functional
membrane dynamics and proper membrane lipid composition.
It is a non-specific maintenance process by which protein
aggregates and damaged, defective, or aging cellular contents

Frontiers in Cell and Developmental Biology | www.frontiersin.org 2 May 2019 | Volume 7 | Article 848

https://www.frontiersin.org/journals/cell-and-developmental-biology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-07-00084 May 18, 2019 Time: 16:3 # 3

Chadwick and Lajoie ER Stress and Aging

and organelles are transported to the lysosome for degradation
(Klionsky and Emr, 2000; Mizushima, 2007; Glick et al., 2010).
The membrane around the cargo destined for degradation
by autophagy, the autophagosome, is derived from the ER
membrane [with apparent contributions from the mitochondrial
and plasma membranes (Nascimbeni et al., 2017)], wherein
autophagic cargo are degraded by lysosomal hydrolases (Dunn,
1990). Autophagy occurs at a basal level in cells, but can be
strongly induced by nutrient deprivation due to autophagy’s role
in nutrient conservation and starvation adaptation, using bulk
degradation to replenish amino acid availability for other cellular
functions (Munafó and Colombo, 2001; Mizushima, 2007). ER
stress has been shown to trigger autophagy, indicating parallel
proteostatic responses to ER stress in the form of the UPR and
autophagy (Bernales et al., 2006; Yorimitsu et al., 2006; Vidal and
Hetz, 2012; Hou and Taubert, 2014). Importantly, activation of
autophagy has been shown to be important for maintenance of
proteostasis and lifespan regulation in multiple organisms and
experimental models (Meléndez et al., 2003; Alvers et al., 2009a;
Lee et al., 2012; Carroll et al., 2013).

ER STRESS AND AGING

Aging has been shown to modulate some of the factors leading
to ER stress. It is an important modifier of the proteostasis
network, meaning that aging cells may have altered capacity to
properly carry out protein transcription, translation, folding, and
degradation (Naidoo, 2009; Brown and Naidoo, 2012; Figure 1).
Aging cells have been shown to have decreased total levels of
a number of ER proteins, including protein chaperones (such
as PDI, BIP, etc.) which normally supervise and ensure proper
protein folding, and assist in targeting misfolded proteins for
degradation (Paz Gavilán et al., 2006; Hussain and Ramaiah,
2007; Naidoo et al., 2008). This usually prevents the accumulation
and aggregation of misfolded proteins and prevents them
from having toxic effects on the cell. In addition, the limited
chaperones that are still present in the aging ER appear to be
impaired. This is possibly due to an increased rate of oxidation
of these chaperones in aged cells, leading to structural changes
and consequently decreased function (van der Vlies et al., 2003;
Snapp et al., 2006; Naidoo et al., 2008). For example, both BIP
ATPase activity and PDI enzymatic function have been shown
to be significantly decreased in aged mouse livers (Nuss et al.,
2008), and similar results have been seen in a number of other
models as well, such as aged mouse cerebral cortex (Naidoo et al.,
2008). Other components of UPR signaling have also shown to
be reduced during aging. PERK mRNA, for example, has been
shown to be reduced in aged rat hippocampi, indicating less
efficient UPR signaling (Paz Gavilán et al., 2006).

Aging also appears to alter the threshold at which the
UPR switches from the adaptive pathway to the apoptotic
pathway, which is perhaps related to the changes to proteostasis
previously mentioned. When PERK signaling is decreased
during aging, for example, there is evidence of an increase
in GADD34 expression, which helps remove the translational
block that occurs through PERK phosphorylating eIF2. This

allows the expression of pro-apoptotic proteins, such as
CHOP (Brown and Naidoo, 2012). CHOP has been shown
to be increased with stress during aging and at baseline in
aged muscular tissue in rats (Hussain and Ramaiah, 2007;
Naidoo et al., 2008; Baehr et al., 2016); caspase-12 is also
increased with stress in aged cells, but not during stress
in younger cells (Paz Gavilán et al., 2006). The apoptotic
protein JNK (which is activated by IRE1 during prolonged
UPR signaling) is also upregulated during aging, as are JNK
kinases that phosphorylate other apoptotic transcription factors
such as ATF-2 and c-Jun (Hussain and Ramaiah, 2007; Brown
and Naidoo, 2012). Calcium-mediated cell death pathways
are also altered during aging. Aging has been linked to
increased calcium flux between the ER and mitochondria, and
consequently increased exposure to reactive oxygen species
and sensitivity to cell death in the case of mitochondrial
calcium overload (Fernandez-Sanz et al., 2014; Calvo-Rodríguez
et al., 2016; Madreiter-Sokolowski et al., 2019). These factors,
in turn, lead to a decreased threshold for the activation
of calcium-mediated apoptosis. This aging-related decrease in
adaptive UPR signaling and increase in apoptotic signaling
may account for the apparent sensitivity of aged cells to
ER stress, and the increased rate of cell death amongst
stressed cells when aged (Rutkowski et al., 2006; Lu et al.,
2014; Tay et al., 2014). Autophagy has also been shown
to become less efficient at clearing damaged organelles and
misfolded proteins during aging in yeast (as well as other
models), and lifespan extension has been demonstrated when
autophagy is heavily induced (Zhang and Cuervo, 2008; Alvers
et al., 2009b; Caramés et al., 2010; Koga and Cuervo, 2011;
Martinez-Lopez et al., 2015).

ER STRESS AND AGE-DEPENDENT
HUMAN DISEASES

Aging is a common risk factor for a number of protein misfolding
diseases, including several neurodegenerative diseases (Martínez
et al., 2017), a number of which have links to UPR function as
described in the previous section. While not all aging-related
diseases are directly linked to breakdown of UPR signaling, this
breakdown may still contribute to disease pathogeneses. For
example, type 2 diabetes is known to develop more frequently due
to both obesity and aging, with the two factors often coexisting in
patients (Ozcan et al., 2004). As aging has also been linked to the
decreases in UPR effector proteins associated with diabetes and
insulin resistance, these results suggest that aging-related UPR
defects may be linked to these diseases as well. Obesity and insulin
resistance are also linked to heart disease and atherosclerosis,
both of which increase in prevalence with age and have also been
linked to ER stress and the UPR (Han et al., 2006). Huntington’s
disease (HD), Parkinson’s disease, and Alzheimer’s disease have
been clearly and repeatedly linked to UPR dysfunction which
increases with age, thus increasing disease severity (Vidal and
Hetz, 2012; Carroll et al., 2013). Though the three diseases
have different causative genes, they all share misfolded protein
accumulation and aggregation as part of their pathology, leading
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FIGURE 1 | Proteostatic changes in aged vs. young cells. When faced with misfolded proteins, young cells demonstrate relatively low ER stress, high chaperone
efficiency and stress tolerance, and primarily adaptive UPR signaling. This generally leads to a resolution of the misfolded proteins and therefore, ER stress. In
contrast, aged cells are more likely to accumulate these misfolded proteins (partially due to loss of chaperone protein efficiency), leading to a state of ER stress, which
they are less able to resolve. Their lower stress tolerance eventually leads to a relative increase in apoptotic UPR signaling over adaptive, ultimately causing cell death.

to impaired proteostasis and ER stress responses, and then
cellular toxicity.

In Alzheimer’s disease, for example, tau neurofibrillary tangles
and amyloid-β plaques accumulate in neurons and lead to
neurodegeneration (Lee et al., 2010). Studies have shown that
cells with these protein aggregates have high UPR induction
identified through high levels of phosphorylated eIF2α, PERK,
and IRE1 (Hoozemans et al., 2005, 2009; Gerakis and Hetz,
2018a,b). This has been identified in early stages of protein
accumulation and linked to later stage neurodegeneration,
suggesting an early beneficial role for the UPR that may
later become maladaptive (Hoozemans et al., 2009). Indeed,
as cells age, the UPR’s capacity to cope with the misfolded
protein load decreases in an fly model of Alzheimer’s disease;
decreased signaling through the IRE1 branch of the UPR has
been identified in this model, leading to decreased misfolded
protein clearance (Marcora et al., 2017). Similar findings have
also been reported in spinal cord tissue from patients with
sporadic Amyotrophic Lateral Sclerosis (ALS) (Atkin et al.,
2008). Enhancing UPR signaling and/or reducing ER stress
through genetic and pharmacological modulation of UPR
effectors such as eIF2α, PERK, XBP1, ATF4, and heat shock
proteins have all been shown to have positive effects on
various models of ALS (Hetz et al., 2009; Saxena et al., 2009;
Castillo et al., 2013; Matus et al., 2013; Saxena et al., 2013;
Jiang et al., 2014; Wang et al., 2014a,b; Das et al., 2015;
Vieira et al., 2015; Nagy et al., 2016). Huntington’s disease
is another neurodegenerative disease which is characterized
by the accumulation of misfolded huntingtin protein, which
undergoes abnormal expansion of a segment of polyQ repeats

(Penney et al., 1997). Longer polyQ tracts are associated with
earlier onset and more severe symptoms (Macdonald, 1993),
and are also more prone to aggregation and are associated
with a higher degree of UPR induction but a lower degree
of HSR induction (Martindale et al., 1998; Chafekar and
Duennwald, 2012). These aggregates have also been shown to
cause ER stress and impaired ERAD due to sequestration of
ERAD machinery, leading to UPR hyperactivation (Duennwald
and Lindquist, 2008; Lajoie and Snapp, 2011; Leitman et al.,
2013; Jiang et al., 2016). In agreement with dysregulated UPR
in HD, restoration of “normal” XBP1 and PERK activity
has been shown to improve disease phenotypes in both cell
and animal models (Vidal et al., 2011, 2012; Leitman et al.,
2014; Rivas et al., 2015). Importantly, activation of ER stress
pathways has been detected in post-mortem patient samples
(Carnemolla et al., 2009). Similarly, UPR has been associated
with the onset of Parkinson’s disease (Mercado et al., 2016).
Accumulation of α-synuclein has been shown to block ER to
Golgi trafficking and consequently activate the UPR in both
yeast and humans (Cooper et al., 2006; Heman-Ackah et al.,
2017). PERK inhibition showed positive effects in a mouse model
of Parkinson’s disease (Celardo et al., 2016; Mercado et al.,
2018). In Parkinson’s disease, misfolded proteins accumulate
in the substantia nigra region of the brain, leading to loss of
dopaminergic neurons in this region. Similar to the studies
performed on Alzheimer’s disease, it has been shown that the
UPR is highly activated in these areas and that this UPR
activation may be causally linked to the neurodegeneration seen
in this disease (Hoozemans et al., 2007). ER stress is therefore
a common determinant of multiple neurodegenerative diseases.
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Thus, targeting the UPR has emerged as an attractive
therapeutic approach these disorders (Rivas et al., 2015;
Valenzuela et al., 2016).

CONCLUSION

As more connections are drawn between ER proteostasis and
aging, it becomes clear that these interactions reach much
further than previously thought – from neurodegeneration to
temperature adaptation, and from simple model organisms like
yeast up to higher mammals. Future research on these fields
(individually and as a whole) will hopefully address some
yet-unanswered questions on how and why these connections
exist. For example, could age-related changes in membrane
composition and fluidity explain age-related increases in UPR
signaling? What advantage would be conferred to the cell by
UPR stress-sensing proteins responding to changes in membrane
lipids as well as ER stress? What other cellular functions and
pathways intersect with these processes, in both baseline and
stressed/aged states? In all likelihood, there is not one single
cause for the breakdown of ER homeostasis during aging,
but instead a combination of factors contributes to overall
increased sensitivity to ER stress. Increased misfolded protein
accumulation, decreased effectiveness of the adaptive UPR, and

an altered threshold for apoptotic UPR signaling likely all play
a role (Naidoo et al., 2008; Brown and Naidoo, 2012; Madreiter-
Sokolowski et al., 2019). Finally, ER stress sensitivity is not only
dictated by the amplitude of the UPR response but also by
upregulation of a specific set of target genes required to adapt
the ER folding environment for a given stress-causing situation
(Thibault et al., 2011). Therefore, the question of what categories
of UPR target genes define the aging UPR is a crucial one that
needs to be addressed. As technology and research methods
advance and our understanding of these areas improves, this
future research will likely have important implications for basic
science and therapeutic approaches to human diseases.
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Chemically reinforced essential fatty acids (FAs) promise to fight numerous age-related
diseases including Alzheimer’s, Friedreich’s ataxia and other neurological conditions.
The reinforcement is achieved by substituting the atoms of hydrogen at the bis-
allylic methylene of these essential FAs with the isotope deuterium. This substitution
leads to a significantly slower oxidation due to the kinetic isotope effect, inhibiting
membrane damage. The approach has the advantage of preventing the harmful
accumulation of reactive oxygen species (ROS) by inhibiting the propagation of lipid
peroxidation while antioxidants potentially neutralize beneficial oxidative species. Here,
we developed a model system to mimic the human dietary requirement of omega-
3 in Caenorhabditis elegans to study the role of deuterated polyunsaturated fatty
acids (D-PUFAs). Deuterated trilinolenin [D-TG(54:9)] was sufficient to prevent the
accumulation of lipid peroxides and to reduce the accumulation or ROS. Moreover,
D-TG(54:9) significantly extended the lifespan of worms under normal and oxidative
stress conditions. These findings demonstrate that D-PUFAs can be used as a food
supplement to decelerate the aging process, resulting in extended lifespan.

Keywords: polyunsaturated fatty acid (PUFA), deuterated fatty acid, oxidative stress, lipid peroxidation, lifespan,
C. elegans, essential fatty acids, linolenic acid

INTRODUCTION

Sensitive to oxidative damage, the brain consumes around 20% of oxygen despite making only 2% of
body weight. The brain is rich in polyunsaturated fatty acids (PUFAs) and oxygen in the lipid bilayer
is particularly high reaching millimolar levels (Subczynski and Hyde, 1983). This tissue requires
large quantity of ATP to maintain intracellular ion homeostasis resulting in high oxygen uptake.
Iron also accumulates in the brain becoming problematic in late-life by catalyzing free radical
reactions (Zecca et al., 2004). As the brain produces more mitochondria-generated superoxide
compared to skeletal muscle, neuron produces more reactive oxygen species (ROS) with low levels
of endogenous antioxidants (Malinska et al., 2009). As a result, the brain spends a quarter of its
energy to maintain and repair lipid membranes damaged from ROS (Brenna and Carlson, 2014).
Several studies demonstrated that blocking the production of lipid peroxides can be beneficial to
prevent the development of Alzheimer’s disease (AD), Parkinson’s disease, and Huntington’s disease
(Huang et al., 1999; Lee et al., 2011; Reed, 2011; Gandhi et al., 2012; Shichiri, 2014; Deas et al., 2016).
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Senescence is a major cause of age-related diseases, correlating
with an accumulation of ROS (McHugh and Gil, 2018). Enhanced
formation of ROS oxidizes lipids to generate peroxides and
aldehydes. Unlike short-lived ROS, these lipid peroxidation
(LPO) products can produce damage throughout the cell due to
their non-radical nature. Thus, lipid peroxidation is also strongly
linked to aging and the accumulation of LPO products has been
observed in AD, Parkinson’s disease, stroke, rheumatic arthritis,
and cancer (Davies and Guo, 2014; Shichiri, 2014). However,
clinical studies on the efficiency of antioxidants for these age-
associated diseases have been disappointing.

The rate liming step of PUFA autoxidation is an ROS-
driven hydrogen abstraction off a bis-allylic (between double
bounds) methylene group, which is followed quickly by a series
of transformations, generating toxic end-products (Shchepinov,
2007). During the nineties, there was a prominent research
interest in dietary antioxidants generating hope as potential
agent to slow aging and to prevent the development of
ROS-related diseases. Disappointing results emerged from the
studies conducted in humans (Moller and Loft, 2002). Thus,
it appeared that human cells generate a certain amount of
beneficial free radicals, playing important roles in cellular
functions (Halliwell, 2011; Sena and Chandel, 2012; Yan, 2014).
A balance of antioxidants and ROS must be kept in vivo, and
supplementation of dietary antioxidants might compromise this
critical equilibrium (Sies et al., 2017). This may be due to several
reasons, including (1) the near-saturating amount of antioxidants
already present in living cells and the stochastic nature of the
ROS-inflicted damage, (2) the importance of ROS in cell signaling
and hormetic upregulation of protective mechanisms, (3) the
pro-oxidant nature of some antioxidants such as vitamin E,
and (4) the non-radical nature of PUFA peroxidation products,
which can no longer be quenched with most antioxidants
(Shchepinov, 2011).

Mitochondrial membranes are rich in cardiolipin,
predominantly containing linoleic acid (LA) and α-linolenic
acid (ALA) FAs (Paradies et al., 2002; Figure 1A). Thus, as
PUFAs are essential nutrients in human, supplementing a diet
with deuterated bis-allylic methylenes could represent the most
promising approach to fight against ROS-initiated attacks leading
to alleviate the influence of aging and age-associated diseases
on human life. In Saccharomyces cerevisiae, deuterated PUFAs
(D-PUFAs) have been shown to reduce oxidative stress (Hill
et al., 2011) by protecting mitochondria against ROS (Andreyev
et al., 2015). In addition, D-PUFA prevented lipid peroxidation
in primary co-cultures of neurons and astrocytes (Angelova
et al., 2015) and in Friedreich ataxia model system (Cotticelli
et al., 2013). More recently, D-PUFAs significantly ameliorated
performance in cognitive and memory tests using the AD
mouse model Aldh2−/− (Elharram et al., 2017). This recent
finding suggests that D-PUFAs might be sufficient to reduce the
generation of AD-induced lipid peroxidation and to prevent the
cognitive decline in AD. In human, a recent randomized clinical
trial has been conducted, demonstrating the safety and potential
protective effect against Friedreich’s ataxia (Zesiewicz et al., 2018).
Friedreich’s ataxia is a neurodegenerative disease associated with
an increase of oxidative stress (Ventura et al., 2009). More than a

decade ago, supplementing the diet with D-PUFAs was predicted
to delay aging (Shchepinov, 2007). However, there is still no
study reporting the role of D-PUFAs in modulating lifespan.

In this study, we characterized the role of D-PUFAs against
ROS in the multicellular model organism C. elegans. This
organism was recently reported to be sensitive to deuterated
lysine (5,5-D2-lysine) which strongly affected its development
(Korneenko et al., 2017). To mimic the dietary requirement
of omega-3 in human, we selected the omega-3 fatty acid
desaturase fat-1(loss-of-function; lof ) mutant worm which is also
sensitive to the oxidative stress agent paraquat. Triglyceride with
three omega-3 PUFAs, trilinolenin [TG(54:9)], was sufficient
to induce lipid peroxidation while deuterated TG(54:9) [D-
TG(54:9)] was protective. D-TG(54:9) reduced the oxidative
stress response in addition of significantly extending the lifespan
of fat-1(lof ) under normal and oxidative stress conditions. These
findings demonstrate that D-TG(54:9) is adequate to prevent the
propagation of ROS-induced molecular damages resulting in a
significant extension of lifespan.

MATERIALS AND METHODS

Statistics
Error bars indicate standard error of the mean (SEM), calculated
from at least three biological replicates, unless otherwise
indicated. P-values were calculated using one-way ANOVA
with Tukey’s test or log-rank test for lifespan, unless otherwise
indicated and reported as P-values. All statistical tests were
performed using GraphPad Prism 7 software.

C. elegans Strains, Bacterial Strains, and
Food Additive
All strains were grown at 20◦C using standard C. elegans
methods as previously described (Koh et al., 2018). Nematode
growth media (NGM) agar plates were seeded with Escherichia
coli strain OP50 for normal growth. C. elegans strains wild
type N2, fat-1(bx24), mev-1(tk22), gst-4p::GFP::NLS(cl2166), sod-
3p::GFP(cf1553) and bacteria strains OP50 were gifted from
the Caenorhaditis Genetics Center. Trilinolenin [TG(54:9)] was
obtained from Nu-Chek Prep and deuterated at bis-allylic
position as previously described (Smarun et al., 2017) to
obtained a mixture of 76% deuterated TG(54:9) [D-TG(54:9)].
Lipids were stored into an atmosphere of argon to prevent
lipid oxidation. Lipids were freshly dissolved in PBS buffer
(137 mM NaCl, 10 mM phosphate, 2.7 mM KCl, pH 7.4)
containing 0.1% Triton X-100 or kept at −80◦C for later
use prior to supplementing NGM agar plate as previously
described (Deline et al., 2013). Butylated hydroxytoluene (BHT)
and paraquat (PQ) were obtained from Sigma and Acros
Organics, respectively.

Lifespan Assays
Lifespan assays were performed at 20◦C as previously described
(Apfeld and Kenyon, 1999). Synchronized animals were
transferred to NGM plates containing 0.2 mM BHT, 1 mM
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FIGURE 1 | Deuterated trilinolenin rescues fat-1 infertility phenotype. (A) Polyunsaturated fatty acid (PUFA) biosynthesis in C. elegans. Key enzymes fat-1 and fat-2
are highlighted in red. Adapted from Shmookler Reis et al. (2011). (B) Lifespan assay of fat-1(lof ) subjected to carrier, 0.2 mM butylated hydroxytoluene (BHT), or
1 mM PQ. Log-rank test to carrier. (C) α-linolenic acid (ALA) is susceptible to oxidation attacks while deuterated ALA (D4-ALA) is protected. (D) Schematic
representation of deuterated trilinolenin [D-TG(54:9)]. (E) Heat map of PUFAs extracted in fat-1(lof ) supplemented with carrier, 0.48 mM trilinolenin [TG(54:9)] or
0.48 mM deuterated trilinolenin [D-TG(54:9)]. (F) Number of laid eggs per worm of WT and fat-1(lof ) animals treated as in (E).

paraquat (PQ), 0.48 mM TG(54:9), or 0.48 mM D-TG(54:9),
when indicated. Pyrimidine analog 5-fluoro-2’-deoxyuridine
(FUdR, Sigma; St. Louis) was added at 50 µM to pre-fertile
young adult worms to prevent development of progeny.
Adults were scored manually as dead or alive every 2–3 day.
Nematodes which ceased pharyngeal pumping and had no
respond to gentle stimulation were recorded as dead. Those
worms that were male, crawled off the plate or non-natural
death were censored.

Lipid Analysis
Synchronized L1 animals were transferred to NGM plates
containing 0.48 mM TG(54:9), 0.48 mM D-TG(54:9) or

carrier. Approximately 10,000 L4 to young adult worms
were harvested and washed thoroughly with M9 buffer and
lyophilised overnight (Vertis, Warminster, PA, United States).
FAs were esterified to fatty acid methyl esters (FAME) with
300 µl of 1.25 M HCl-methanol for 1 h at 80◦C. FAMEs
were extracted three times with 1 ml of hexane. Combined
extracts were dried under nitrogen, resuspended in 100 µl
hexane. FAMEs were separated by gas chromatography with
flame ionization detector (GC-FID; GC-2014; Shimadzu,
Kyoto, Japan) using an ULBON HR-SS-10 50 m × 0.25 mm
column (Shinwa, Tokyo, Japan). Supelco 37 component
FAME mix was used to identify corresponding FAs (Sigma-
Aldrich, St. Louis, MO, United States). Data was normalized
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using internal standard pentadecanoic acid (C15:0) and
worm dry weight.

TBARS Assay
Synchronized L1 mev-1 mutants were transferred to NGM
plates containing 0.1 mM BHT, 0.48 mM TG(54:9), 0.48 mM
D-TG(54:9) or carrier for 54 h, after which they were transferred
on supplemented plates with 8 mM paraquat when indicated for
24 h. Approximately 1,000 L4 to adult worms were harvested
and washed thoroughly with M9 buffer, resuspended in 300 µl
RIPA buffer (50 mM Tris–HCL pH7.5, 150 mM NaCl, 2 mM
EDTA, 1% NP-40, 0.1% SDS), lysed with 1 mm silica beads
by bead beating. Protein concentration was carried out using
the Bicinchoninic Acid (BCA) Protein Assays kit following
manufacturer’s protocol (Sigma; St. Louis). Assays for lipid
peroxidation, using the thiobarbituric acid reactive substrate
(TBARS) kit were performed following manufacturer’s protocol
(Cayman Chemical).

BODIPY-C11 Lipid Peroxidation
Reporter Assay
Synchronized L1 mev-1 animals were transferred to NGM plates
containing 0.1 mM BHT, 0.48 mM TG(54:9), 0.48 mM
D-TG(54:9) or carrier and supplemented with 5 mM
paraquat when indicated. L4 to young adult worms were
transferred to 10 µM BODIPY 581/591 undecanoic acid
(BODIPY581−591-C11) solution and stained for 30 min and
washed three times with M9. Images were captured using
confocal fluorescence microscope Zeiss LSM 710 microscope
with a 20 × objective (Carl Zeiss MicroImaging). Oxidized
and non-oxidized BODIPY581−591-C11 were excited at
488 and 568 and images were collected from emission
at 530(30) and 590(30) nm, respectively. Fluorescence
signal ratio of oxidized to non-oxidized BODIPY was
normalized to carrier.

Fluorescence Microscopy
Synchronized L1 gst-4p::GFP or sod-3p::GFP worms were
transferred to NGM plates containing 0.48 mM TG(54:9),
0.48 mM D-TG(54:9) or carrier and supplemented with 5 mM
paraquat when indicated. To quantify GFP signal, worms
were immobilized with 25 mM tetramisole and mounted on
2% agarose pad. Images were captured using Zeiss Axiovert
200 M fluorescence microscope with a 20 × objective. Images
were stitched, and total fluorescence were quantified using Fiji
ImageJ software.

Egg Counting Assay
Synchronized L1 WT and fat-1(lof ) animals were transferred
to NGM plates containing 0.48 mM TG(54:9), or 0.48 mM
D-TG(54:9) and supplemented with 5 µM 5-fluoro-2’-
deoxyuridine (FUdR, Sigma; St. Louis) to facilitate the
counting of the eggs. The fertility of the worms was scored
by counting eggs on day 5 and 6 after the transfer of the
adults to a new plate.

RESULTS

Worm Lacking fat-1 as a Model to Mimic
Human Dietary Needs of Omega-3
In human, FAs lineloic acid (LA; omega-6) and α-linolenic
acid (ALA; omega-3) are essentials (MacLean et al., 2004). In
contrast, C. elegans synthesize both LA and ALA consequently
we selected omega-3 fatty acid desaturase fat-1(loss-of-function;
lof ) mutant animal to mimic the human dietary requirement
of ALA (Watts and Browse, 2002; Figure 1A). We tested
different ROS agents including paraquat (PQ) and 95% oxygen
(data not shown). Paraquat is reduced into radical from the
mitochondrial leaking electrons to induce the production of
superoxide radicals such as superoxide anion radical (O2

•−).

TABLE 1 | Lifespan analysis.

Strains Treatment∗ Mean lifespan
± SEM (days)

75% % change to
control

Number of
animals

P-values versus
carrier

Figure

fat-1(lof ) carrier 14.8 ± 0.7 19 58/60 Figure 1C

PQ 11.7 ± 0.6 13 −21 55/60 0.0002

BHT 15.1 ± 0.6 18 +3 51/60 0.9057

fat-1(lof ) TG(54:9) 19.6 ± 0.6 21 59/60 Figure 4A

D-TG(54:9) 21.4 ± 0.6 23 +9∗∗ 56/60 0.0230∗∗

fat-1(lof ) carrier + PQ 11.7 ± 0.6 13 0 55/60 Figure 4B

TG(54:9) + PQ 13.3 ± 0.8 18 +14 55/60 0.5070

D-TG(54:9) + PQ 16.7 ± 1.0 18 +43 42/60 0.0001

fat-1(lof ) carrier 25.6 ± 0.8 29 58/60
biological replicates for
Figure 1C

PQ 22.9 ± 0.9 25 −10 48/60 0.0725

BHT 23.7 ± 0.9 27 −8 50/60 0.1952

fat-1(lof ) TG(54:9) 12.5 ± 0.6 16 42/60 biological replicates for
Figure 4AD-TG(54:9) 16.4 ± 0.7 18 +31∗∗ 47/60 <0.0001∗∗

∗BHT, 0.2 mM butylated hydroxytoluene; PQ, 1 mM paraquat; TG(54:9), 0.48 mM trilinolenin; D-TG(54:9), 0.48 mM deuterated trilinolenin.
∗∗compared to TG(54:9) treatment.
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In turn, hydroperoxyl radicals HO•2 modify PUFAs through
oxidative damage in a chain-propagation fashion (Bielski et al.,
1983; De Grey, 2002). As low levels of oxidative stress has been
reported to increase the lifespan of C. elegans (Wei and Kenyon,
2016) while high levels decrease lifespan (Schaar et al., 2015), we
carried out a lifespan assay with fat-1(lof ) worms. As expected,
high concentration of 1 mM paraquat significantly reduced the
lifespan of fat-1(lof ) worms compared to carrier (Figure 1B
and Table 1). This result indicates that fat-1(lof ) worms are
sensitive to the production of ROS by the toxic level of paraquat.
We also subjected fat-1(lof ) worms to the antioxidant BHT but
the lifespan was unchanged compared to carrier. This result
suggests that fat-1(lof ) basal level of ROS is not harmful and
neutralising ROS further with antioxidant does not influence
fat-1(lof ) longevity.

Trilinolenin Aggravates fat-1(lof)
Infertility Phenotype
The protective effect of D-PUFAs against ROS has been
demonstrated in yeast (Hill et al., 2011; Cotticelli et al., 2013;
Andreyev et al., 2015), in primary co-cultures of neurons and
astrocytes (Angelova et al., 2015) as well as in AD mouse model
Aldh2−/− (Elharram et al., 2017) by supplementing the media
with deuterated LA or ALA (Figure 1C; Hill et al., 2011; Cotticelli
et al., 2013; Andreyev et al., 2015). We generated deuterated ALA
from trilinolenin [TG(54:9)] to obtain deuterated trilinolenin [D-
TG(54:9)] as triglycerides reflect human intake mainly consisting
of esterified FAs (Figure 1D). The replacement of hydrogen
by deuterium at the potential four bis-allylic CH2 group
between the two double bonds was effective at 97.5% (data
not shown) using our recently reported site-specific deuteration

FIGURE 2 | Trilinolenin is sufficient to induce lipid peroxidation while deuterated trilinolenin is protective. (A) Schematic representation of lipid peroxidation.
(B) Normalized oxidized lipids of mev-1(lof ) worms fed OP50 supplemented with carrier, 0.1 mM BHT, 0.48 mM trilinolenin [TG(54:9)] or 0.48 mM deuterated
trilinolenin [D-TG(54:9)] and subjected to 8 mM paraquat (PQ) when indicated. (C) Representative confocal fluorescence images of mev-1(lof ) worms fed OP50
supplemented with carrier, 0.48 mM trilinolenin [TG(54:9)] or 0.48 mM deuterated trilinolenin [D-TG(54:9)] and subjected to 5 mM paraquat (PQ) when indicated.
Scale bar, 100 µm. (D) Quantification of oxidized to non-oxidized BODIPY581/591-C11 from (C).
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of polyunsaturated alkenes method (Smarun et al., 2017). To
ensure that C. elegans ingests and metabolizes D-TG(54:9) as
well as non-deuterated TG(54:9), we fed L1 larvae fat-1(lof )
mutant with standard diet on NGM plates supplemented with
0.48 mM TG(54:9), D-TG(54:9), or the carrier (0.1% Triton X-
100 in PBS). C. elegans is typically fed E. coli OP50 bacteria in
which PUFAs are naturally absent but can be easily incorporated
if supplemented to the media (Webster et al., 2013). Worms
were harvested at stage larva 4 (L4)/young adult and lyophilized.
Dried worms were subjected to derivatisation with hydrogen
chloride in methanol to generate FAME. FAMEs were extracted
with hexane and separated on GC-FID using a capillary column
(Ulbon HR-SS-10). We observed a significant accumulation of
eicosatetraenoic acid (ETA) and eicosapentaenoic acid (EPA)
in fat-1(lof ) fed D-TG(54:9) while the other changes were
statistically non-significant compared to carrier (Figure 1E). This
result indicates that deuterated α-linolenic acid is metabolized by
C. elegans as a precursor to synthesize PUFAs with higher degrees
of unsaturation.

Next, we asked if D-TG(54:9) is toxic to fat-1(lof ) mutant by
measuring its fertility which is diminished by ROS (Alcantar-
Fernandez et al., 2018). As 19 fatty acid desaturases fat-6;fat-
7 double mutant exhibits lower fertility (Brock et al., 2007),
we monitored the number of laid eggs in wild-type (WT,

N2) and fat-1(lof ) mutant with standard diet on NGM plates
supplemented with 0.48 mM TG(54:9), D-TG(54:9), or the
carrier. On carrier, fat-1(lof ) mutant laid a significant lower
amount of eggs compared to WT (Figure 1F). Similarly, fat-1(lof )
mutant, fed TG(54:9), laid a similar amount of eggs per worm
compared to fat-1(lof ) mutant on carrier. To our surprise, fat-
1(lof ) mutant, fed D-TG(54:9), laid a similar amount of eggs per
worm compared to WT. This result suggests that D-TG(54:9)
promotes fertility in fat-1(lof ) mutant while TG(54:9) might
promote lipid peroxidation.

Trilinolenin Is Sufficient to Induce Lipid
Peroxidation While Deuterated
Trilinolenin Is Protective Upon
Oxidative Stress
As PUFAs contribute to the generation of oxidative stress through
the propagation of lipid peroxide (Porter et al., 1995; Yin et al.,
2011; Figure 2A), we hypothesized that TG(54:9) will intensify
paraquat-induced lipid peroxidation. Lipid peroxidation was
monitored by measuring thiobarbituric acid reactive substances
(TBARS) (Lagman et al., 2015) in lipid peroxidation-sensitive
mev-1(lof ) mutant worms (Labuschagne et al., 2013). The protein
MEV-1 is the homolog of succinate dehydrogenase cytochrome

FIGURE 3 | Deuterated trilinolenin reduces oxidative stress response. (A) Representative confocal fluorescence images of sod-3p::GFP transgenic worms fed OP50
supplemented with carrier, trilinolenin [TG(54:9)] or deuterated trilinolenin [D-TG(54:9)] and subjected to 5 mM paraquat (PQ) when indicated. Scale bar, 100 µm.
(B) Quantification of A. (C) Representative confocal fluorescence images of gst-4p::GFP::NLS transgenic worms treated as in A fed OP50 supplemented with carrier,
trilinolenin [TG(54:9)] or deuterated trilinolenin [D-TG(54:9)] and subjected to 5 mM paraquat (PQ) when indicated. Scale bar, 100 µm. (D) Quantification of C.
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b560 subunit of the mitochondrial respiratory chain complex
II (Ishii et al., 1998). Synchronized L1 mev-1(lof ) mutants
were grown on NGM plates seeded with bacteria supplemented
with carrier, BHT, TG(54:9), or D-TG(54:9). Subsequently,
L4/young adult mev-1(lof ) mutants were exposed to 24 h of
paraquat. Paraquat alone was insufficient to significantly increase
the accumulation of lipid peroxide compared to carrier alone
(Figure 2B). On the other hand, mev-1(lof ) mutants grown
on TG(54:9) and subjected to paraquat exhibited a dramatic
increase in lipid peroxides compared to paraquat alone and to
TG(54:9) in the absence of paraquat. This result reinforces the
role of PUFAs in catalyzing the propagation of ROS through lipid
peroxidation (Yang et al., 2016). D-TG(54:9) was sufficient to
prevent the propagation of paraquat-induced ROS through lipid
peroxidation. This result indicates that D-PUFAs, in the form of
triacylglycerol, are resistant to ROS and thus preventing further
cellular damages.

To further assess the role of D-TG(54:9) in preventing the
formation of lipid peroxides, we monitored in vivo fluorescence
of the sensor BODIPY581/591 undecanoic acid (BODIPY581/591-
C11). The sensor emission peak shifts from 590 to 510 nm when
the polyunsaturated butadienyl domain is oxidized (Naguib,
1998; Aldini et al., 2001). mev-1(lof ) mutants were grown and
treated as for the TBARS assay. In contrast to the TBARS
assay, paraquat alone was sufficient to significantly induce lipid
peroxidation (Figures 2C,D). This suggests that BODIPY581/591-
C11 is more sensitive than the TBARS assay to monitor lipid
peroxidation in C. elegans as previously reported in different
cell types (Dominguez-Rebolledo et al., 2010). In contrast to
the TBARS assay, TG(54:9) combined with paraquat did not
induce lipid peroxidation further compared to paraquat alone in
mev-1(lof ) mutants. D-TG(54:9) was sufficient to protect mev-
1(lof ) mutants against paraquat-induced lipid peroxidation. As
the BODIPY-C11 lipid peroxidation reporter assay yielded small
differences, BODIPY possibly failed to be incorporated evenly
through the animal and perhaps not sufficiently where most of
lipid peroxidation occurs. Together with the TBARS assay, these
results demonstrate that D-PUFA is sufficient to prevent lipid
peroxidation in C. elegans.

Deuterated Trilinolenin Reduces
Oxidative Stress Response
To further assess the role of D-TG(54:9) in preventing the
propagation of lipid peroxide, we monitored the oxidative
stress response in vivo. We monitored the expression of the
reporter protein GFP under the promotor sod-3 (sod-3p::GFP)
(Xu and Kim, 2012). SOD-3 is a mitochondrial superoxide
dismutase which has been reported to increase transcriptionally
as a result of oxidative stress (An and Blackwell, 2003). These
worms were grown and treated as per the TBARS assay. No
significant increase in the expression of sod-3p::GFP was observed
across the different conditions (Figures 3A,B). As this assay
was inconclusive, we used the transgenic worm expressing GFP
tagged with a nuclear localisation signal under the promotor gst-
4 (gst-4p::GFP::NLS) (Paek et al., 2012). GST-4 is a glutathione
S-transferase protein that responds to oxidative stress by an

FIGURE 4 | Deuterated trilinolenin reduces lipid peroxidation. (A) Lifespan
assay of fat-1(lof ) worms fed OP50 supplemented with 0.48 mM trilinolenin
[TG(54:9)] or 0.48 mM deuterated trilinolenin [D-TG(54:9)]. Log-rank test to
control. (B) Lifespan assay of worms fed OP50 supplemented with carrier,
trilinolenin [TG(54:9)] or deuterated trilinolenin [D-TG(54:9)] and subjected to
1 mM paraquat (PQ). Log-rank test to control.

increase at the transcription and translational levels (Link and
Johnson, 2002). Glutathione S-transferases protect cells against
lipid peroxidation (Yang et al., 2001). gst-4p::GFP::NLS worms
were grown with triacylglycerol and paraquat as per the TBARS
assay. The expression of gst-4p::GFP::NLS was significantly
increased in the presence of paraquat and further increase
with the addition of TG(54:9) (Figures 3C,D). On the other
hand, no significant change in GFP expression was observed
in animals fed D-TG(54:9) in the absence or the presence
of paraquat. Consistent with the TBARS assay, these findings
further demonstrate that TG(54:9) is harmful by exponentially
propagating paraquat-induced ROS while D-TG(54:9) exhibit a
strong protective effect.

Deuterated Trilinolenin Extend Lifespan
Under Both Normal and Oxidative
Stress Conditions
As D-TG(54:9) reduces oxidative stress, we carried out a
lifespan assay of fat-1(lof ) worms fed normal diet supplemented
with either TG(54:9) or D-TG(54:9). D-TG(54:9) significantly
extended the lifespan of worms compared to the supplementation
with TG(54:9) (Figure 4A and Table 1). This suggests that
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D-TG(54:9) might be sufficient to prevent endogenous ROS-
induced cellular damages associated with aging. To further assess
the role of D-TG(54:9) on the lifespan of fat-1(lof ) worms, we
exposed the animals to paraquat from L1 stage. As expected,
the lifespan of fat-1(lof ) worms exposed to paraquat was not
significantly extended by TG(54:9) (Figure 4B and Table 1).
As fat-1(lof ) worms are unable to synthesize several PUFAs
(Figure 1A), TG(54:9) might be necessary as a precursor of
PUFAs ETA and EPA to extend the lifespan although the animals
are under oxidative stress condition. It should be noted that
worms were exposed to a fifth of the paraquat concentration used
to monitor lipid peroxidation and oxidative stress. The lifespan
of fat-1(lof ) worms exposed to paraquat was further extended
with D-TG(54:9) compared to paraquat alone and to TG(54:9) in
combination with paraquat. This result indicates that D-TG(54:9)
is sufficient to promote longevity. Potentially, supplementing a
human diet with D-PUFAs might be sufficient to decelerate aging
and to prevent the progression of age-associated diseases.

DISCUSSION

Chemically reinforced essential FAs have the potential to
target age-related diseases such as Alzheimer’s, Friedreich’s
ataxia and other neurological conditions. Substituting the
atoms of hydrogen at the bis-allylic methylene of essential
polyunsaturated FAs with isotope deuterium prevents
substantial chemical damage. Recently, we developed
a novel synthesis approach to reinforced natural FAs
(Smarun et al., 2017), which could potentially be scaled
up to industrial quantities. These deuterated FAs have
the advantage to prevent harmful accumulation of ROS
by disfavouring the formation of lipid peroxides while
antioxidants are poorly transported within the cell. The
results presented in this study show that D-TG(54:9) is
sufficient to prevent the accumulation of lipid peroxides
in animals and to reduce the accumulation of ROS. We
used four different approaches which, together, clearly
demonstrate the protective effect of deuterated trilinolenin
against paraquat-induced oxidative stress while non-deuterated
trilinolenin promotes the propagation of lipid peroxide.
Supplementing the diet with D-PUFAs was anticipated to
delay aging (Shchepinov, 2007). As predicted, D-TG(54:9)
significantly extends the lifespan of worms under both normal
and oxidative stress conditions when compared to non-
deuterated trilinolenin [TG(54:9)]. It should be noted that
D-PUFA must be in low abundance to be beneficial (Kinghorn
et al., 2015). Taken together, we have developed a toolkit to
monitor the protective role of deuterated FAs against age-
related model diseases as well as longevity, allowing future
high-throughput discoveries.

During the late nineties, a large boom of research on
dietary antioxidants generated hopes as potential agents to slow
aging and to prevent the development of ROS-related diseases.
However, mixed results emerged from studies conducted in
humans (Moller and Loft, 2002). It became clear that human cells
generate a certain number of free radicals that play an important

role in cellular functions (Halliwell, 2011; Sena and Chandel,
2012; Yan, 2014). A balance of antioxidants and reactive species
must be kept in vivo, and supplementation of dietary antioxidants
might compromise this delicate equilibrium. More importantly,
as PUFAs belong to the group of essential nutrients that must be
supplied with diet, it was proposed that PUFAs with deuterated
bis-allylic methylenes could represent a novel approach to fight
against ROS-initiated attacks, leading to lessening the influence
of aging and age-associated diseases on human life.

The protective effect of D-PUFAs against ROS has been
demonstrated in yeast and in primary co-cultures of neurons
and astrocytes (Hill et al., 2011; Cotticelli et al., 2013; Andreyev
et al., 2015; Angelova et al., 2015). As unicellular organisms
uniformly absorb FAs, it is imperative to assess the protective role
of D-PUFA that is absorbed in the intestine and disseminated to
different tissues of a multicellular organism. Recently, D-PUFAs
was shown to improve cognition and to reduce lipid peroxidation
in the brain of several neurodegenerative disease models
(Elharram et al., 2017; Hatami et al., 2018; Raefsky et al., 2018).
Similarly in C. elegans, we have demonstrated that H-PUFA
promotes, while D-PUFA reduces, both lipid peroxidation and
oxidative stress during paraquat-induced oxidative stress. For the
first time, we have demonstrated the beneficial effect of D-PUFAs
in extending longevity. In future, C. elegans could be used to
validate the beneficial role of D-PUFAs in modulating the lifespan
of different disease models.
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All eukaryotic cells contain membrane bound structures called organelles. Each
organelle has specific composition and function. Some of the organelles are generated
de novo in a cell. The endoplasmic reticulum (ER) is a major contributor of proteins
and membranes for most of the organelles. In this mini review, we discuss de novo
biogenesis of two such organelles, peroxisomes and lipid droplets (LDs), that are formed
in the ER membrane. LDs and peroxisomes are highly conserved ubiquitously present
membrane-bound organelles. Both these organelles play vital roles in lipid metabolism
and human health. Here, we discuss the current understanding of de novo biogenesis of
LDs and peroxisomes, recent advances on how biogenesis of both the organelles might
be linked, physical interaction between LDs and peroxisomes and other organelles, and
their physiological importance.

Keywords: lipid droplet, peroxisome, organelle biogenesis, membrane trafficking, lipid metabolism

INTRODUCTION

Peroxisomes and LDs play important roles in cellular lipid metabolism. These organelles are major
metabolic hubs in eukaryotic cells. Both organelles play roles in preventing cell toxicity, albeit in
dissimilar ways (Kohlwein et al., 2013). Peroxisomes are sites for beta-oxidation of fatty acids in
all eukaryotic cells (Mannaerts and Van Veldhoven, 1996). In yeast and plants, the entire pathway
occurs on peroxisomes, whereas in animals it occurs in peroxisomes, and mitochondria (Kunau
and Hartig, 1992). Other than oxidation of fatty acids, peroxisomes are essential for detoxification
of hydrogen peroxide (Walker et al., 2017). In addition, peroxisomes are sites for synthesis of
D-amino acids, plasmalogens, and certain precursors of cholesterol. Understandably, defects in
peroxisome function lead to several metabolic disorders (Argyriou et al., 2017). These disorders
are caused due to mutations in genes encoding peroxisomal biogenesis proteins (PEX) essential for
peroxisome function (Gould and Valle, 2000). Taken as a group, peroxisomal disorders occur in
1 in 5000 individuals (Waterham et al., 2016). Some of the commonly known disorders include
X-linked adrenoleukodystrophy and peroxisomal biogenesis disorders (PBD) such as Zellweger
Syndrome. For detailed discussion on PBD and other peroxisome related metabolic defects we
refer other reviews to the readers (Delille et al., 2006; Wanders, 2014). While peroxisomes are
sites of lipid degradation, LDs are organelles that prevent cellular toxicity by sequestering and
storing free fatty acids in neutral lipids such as triglycerides (TG) and sterol esters (SE) (Cohen,
2018). Recent studies have elucidated new roles of LDs in protein degradation and protection
from ER stress and mitochondrial oxidative stress (Olzmann and Carvalho, 2018). Aberrant LD
biogenesis is a hallmark of severe disorders including diabetes, atherosclerosis, lipodystrophy, and
neurodegeneration (Krahmer et al., 2013; Onal et al., 2017).
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PEROXISOME BIOGENESIS

Peroxisomes are organelles enclosed in a single bilayer
membrane. Peroxisomes were observed in early electron
micrographs as distinct membrane bound organelles highly
associated with the ER (Baudhuin et al., 1965; de Duve and
Baudhuin, 1966; Tsukada et al., 1968; de Duve, 1969; Novikoff
and Novikoff, 1972). It was later demonstrated that, similar to
mitochondria and chloroplasts, peroxisomal matrix proteins are
directly imported post-translationally from cytosolic ribosomes.
Thus, peroxisomes were known as semi-autonomous organelles
that follow the growth and division model where a new organelle
is formed from the pre-existing one (Lazarow, 1983; Goldman
and Blobel, 2006). Under normal physiological conditions,
mature peroxisomes receive membrane lipids and proteins from
the ER membrane, which contributes to peroxisome growth
prior to division (Motley and Hettema, 2007).

In yeast, growth and division is the major pathway of
peroxisome biogenesis. However, peroxisomes can also originate
by de novo biogenesis from the ER (Figure 1A; Hoepfner et al.,
2005). This pathway was discovered when peroxisome biogenesis
mutants (pex) devoid of functional peroxisomes were isolated
using genetic screens in yeast (Liu et al., 1992; Van der Leij
et al., 1992). These mutants exhibited ghost vesicles which were
devoid of many matrix proteins. Depletion of some proteins such
as Pex3, a peroxisomal membrane protein (PMP) required for
localization and stability of other PMPs, Pex19, a chaperone,
and receptor for PMPs, and Pex16, a PMP that can recruit
Pex3, resulted in cells that were completely devoid of the ghost
vesicles. This suggested that these proteins might play a role in
the first steps of peroxisome vesicle formation (Hohfeld et al.,
1991; Hettema et al., 2000; Tam et al., 2005; Kim et al., 2006; Fujiki
et al., 2014; Erdmann et al., 2015). Interestingly, when the missing
protein was re-introduced in these cells, mature peroxisomes
reappeared, thus challenging the growth, and division model.
The resulting de novo biogenesis model has two main aspects:
formation of new pre-peroxisomal vesicles (PPVs) from a mother
organelle followed by targeting of PMPs to these vesicles to form
functional mature peroxisomes. The mother organelle is usually
ER, as many PMPs are targeted to ER membrane in the absence
of functional peroxisomes (Geuze, 2003; van der Zand et al.,
2010; Agrawal and Subramani, 2013; Tabak et al., 2013; Kim
and Hettema, 2015). However, in the absence of peroxisomes,
many PMPs are mistargeted to mitochondria in mammalian
cells (Kim and Hettema, 2015). The PMPs possibly leave the
ER membrane in the newly formed PPVs (Agrawal et al., 2016;
Joshi et al., 2016). Two independent in vitro studies reported an
essential role for Pex19 in formation of nascent vesicles from
the ER membrane. These studies demonstrated that PMPs such
as Pex3, Pex15 (a tail-anchored PMP), and Pex11 (required for
peroxisome proliferation), are targeted to the ER membrane
and traffic to PPVs in a Pex19- and ATP-dependent manner
(Agrawal et al., 2011; Lam et al., 2011). The targeting of PMPs to
peroxisomes is independent of COPI and COPII proteins (South
et al., 2000, 2002; Voorn-Brouwer et al., 2001).

In mammalian cells peroxisomes form through division of
preexisting peroxisomes, but can also derive de novo under

special conditions. Mammalian peroxisome biogenesis differs
from yeast in that mitochondrial outer membrane can be a site
for PPV formation (Figure 1A). Artificial targeting of Pex3 to
mitochondrial outer membrane in Pex3-deficient cells resulted
in de novo peroxisome biogenesis (Rucktäschel et al., 2010).
Furthermore, a recent study demonstrated that there are two
types of PPVs, one from ER that contains Pex16 and another from
mitochondrial outer membrane that contains Pex3 and Pex14.
These PPVs fuse to form a functional peroxisome (Sugiura et al.,
2017). Existence of more than one type of PPV is controversial in
yeast cells. Earlier reports showed that the importomer complex
consisting of RING complex (Pex2, Pex10, and Pex12) and
docking complex (Pex13, Pex14, and Pex17) sorted in distinct
PPVs and fused to form a functional peroxisome (Figure 1A;
Van Der Zand et al., 2012). The model for existence of two
pools of PPVs is consistent with the report that sorting of RING
complex proteins, but not the docking complex proteins, in the
ER membrane is dependent on Pex3 (Agrawal et al., 2016).
Interestingly, the vesicles consisting of docking complex proteins
exist in yeast cells lacking Pex3 or Pex19. Therefore, neither
Pex3 nor Pex19 is essential for docking complex-containing
PPV formation (Knoops et al., 2014; Wróblewska et al., 2017).
Thus, there are two pools of PPVs: Pex3- or Pex19-independent
PPVs that contain docking complex proteins, and Pex3- and
Pex19- dependent PPVs that contain RING complex proteins.
The Pex1-Pex6 AAA ATPase proteins are required for fusion
of two pools of PPVs (Figure 1A; Van Der Zand et al., 2012).
In Y. lipolytica, the two pools of PPVs were reported to require
cytosolic factors, ATP hydrolysis, and functional ATPases (Pex1
and Pex6) for fusion (Titorenko et al., 2000). However, this was
challenged by recent findings which suggested that there is only
one type of PPV, and that Pex1-Pex6, are mainly involved in
import of peroxisomal proteins (Knoops et al., 2015; Motley
et al., 2015). Nevertheless, the idea that mature peroxisomes
form by fusion of unique pre-peroxisomal structures is appealing,
because it provides a mechanism for avoiding the mistargeting
of peroxisomal enzymes to parent organelles (mitochondria
and/or ER) (Kim, 2017).

Recently, ESCRT-III complex proteins were implicated in
scission of PPVs from the ER into the cytosol (Figure 1A; Mast
et al., 2018). However, ESCRT proteins are known for budding of
vesicles away from the cytosol, for example in mutlivesicular body
formation, or virus budding. Therefore, the role of ESCRT-III
proteins needs further examination. Also, whether these proteins
play a role in scission of all PPVs originating from the ER
membrane or only a subset is not known.

We clearly do not completely understand PPV biogenesis
from the ER membrane. There is no known mutant background
that is completely devoid of PPVs, suggesting that there is
redundancy among proteins involved in PPV formation. There
are many outstanding questions in the field such as: how are PPVs
generated? How do PMPs traffic from the ER or mitochondria
to PPVs? Where do the RING and docking complex proteins
assemble? We are beginning to understand some of these
questions. We will discuss the recent advances in the exit
sites for PPV biogenesis in Section “Links Between LD and
Peroxisomes Biogenesis.”
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FIGURE 1 | (A) De novo peroxisome biogenesis in yeast and mammalian cells. PPVs containing the docking complex proteins are generated independently of Pex3
and Pex19 at ER subdomains containing Pex30. PPVs containing ring complex proteins are generated in a Pex3- and Pex19-dependent manner. ESCRT-III complex
is required for scission of PPVs from the ER membrane. The two pools of PPVs fuse to form an import competent mature peroxisome. In mammals,
Pex16-containing PPVs from ER and Pex3 and Pex14-containing PPVs from mitochondrial outer membrane fuse to form a functional peroxisome. (B) Lipid droplet
biogenesis. Neutral lipid synthesizing enzymes generate sterol esters (SE) and triglycerides (TG) to form a lens-like structure in the lipid bilayer. The ER regions are
enriched with seipin, FIT proteins, and Pex30/MCTP2. As the lens grows the LD buds into the cytoplasm. In yeast, LDs remain attached to the ER subdomains
containing Pex30/MCTP2 and seipin but no FIT proteins.

LD BIOGENESIS

Lipid droplets are ubiquitously present unique organelles that are
enclosed in a phospholipid monolayer. Unlike other organelles,
the LD core is made of neutral lipids such as TG and SE.
Embedded in the phospholipid monolayer are more than 100
proteins, including enzymes that synthesize or degrade lipids
for storage or energy, respectively (Ducharme and Bickel, 2008;
Khor et al., 2013; Bersuker and Olzmann, 2018; Bersuker et al.,
2018). In yeast, LDs remain permanently connected to the
ER, whereas in mammalian cells at least some mature LDs
are released from the ER (Jacquier et al., 2011; Olzmann and
Carvalho, 2018). LD biogenesis begins with synthesis of neutrals
lipids between the ER bilayer, by ER-associated neutral lipid
synthesis enzymes (Jacquier et al., 2011; Kassan et al., 2013;
Choudhary et al., 2015; Kimura et al., 2018). How these enzymes
are sequestered at the sites of LD biogenesis is not known.
Synthesis of neutral lipids leads to formation of a lens-like
structure in the bilayer (Figure 1B; Choudhary et al., 2015).
After an increase in the concentration of neutral lipids at these
sites, they start demixing from the highly charged phospholipid
bilayer giving rise to LDs (Choudhary et al., 2018). These LDs are
covered with a phospholipid monolayer that eventually acquires
several proteins that are required for maturation of LDs (Tan
et al., 2014). However, no proteins other than the enzymes
involved in synthesizing neutral lipids have been implicated in
formation of nascent LDs, suggesting that LD biogenesis is a

lipid-driven phenomenon. Indeed, it was demonstrated that the
lipid composition of the ER at sites of LD formation regulates
the formation of LDs (Zanghellini et al., 2010; Ben M’barek
et al., 2017; Deslandes et al., 2017; Choudhary et al., 2018). It
was shown that lipids such as lysophospholipids that generate
positive intrinsic curvature favor LD budding, whereas lipids
such as diacylgycerol (DAG) and phosphatidylethanolamine (PE)
that induce negative intrinsic curvature disfavor budding. Lipids
and proteins that affect membrane tension also influence the
directionality of LD budding (Ben M’barek et al., 2017; Chorlay
et al., 2017; Deslandes et al., 2017). There are protein families
such as seipin, FIT and Pex30/MCTP2 that play critical roles
in LD formation (Figure 1B; Fei et al., 2008; Choudhary et al.,
2015, 2018; Grippa et al., 2015; Wang et al., 2016; Joshi et al.,
2018). These proteins are at the sites of LD biogenesis and are
required for efficient generation of LDs. Here, we discuss the
current understanding of these proteins in LD biogenesis.

FIT
The fat inducible transmembrane proteins (FITs) are conserved
proteins that play a role in LD biogenesis. There are two
homologs of FITs, FIT1, which is muscle specific, and FIT2,
which is expressed in most tissues in mammals (Kadereit et al.,
2007). In yeast, there are two FIT2 proteins, Scs3 and Yft2,
whereas only one FIT protein is present in worms (Choudhary
et al., 2015). Depletion of FITs leads to decreased LD biogenesis
(Miranda et al., 2014). FIT proteins directly bind to TG
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(Kadereit et al., 2007). Depletion of FITs in yeast, mammals
and worms results in LDs wrapped around with ER membrane
suggesting a defect in budding of LDs (Choudhary et al., 2015).
Later it was shown that in the absence of FITs, DAG levels
in the ER increase, which might affect directionality of LD
budding (Choudhary et al., 2018). In the same study, it was
demonstrated that supplementation with exogenous lipids such
as lyso-phosphatidylcholine and lyso-phosphatidic acid reversed
the LD wrapping phenotype observed in the FIT mutants in
yeast. Moreover, FIT protein, Yft2, along with DAG, transiently
accumulates at sites of LD formation (Figure 1B). Thus, FIT
proteins probably regulate DAG levels at the sites where LDs are
formed. Maintaining the level of DAG in the ER membrane is
vital as its accumulation could be toxic. Deletion of worm FIT and
mouse FIT2 is lethal, supporting the importance of the cellular
function of FIT proteins (Choudhary et al., 2015, 2018).

Seipin
Seipin is a conserved integral ER membrane protein required
for efficient LD biogenesis (Liu et al., 2016). The role of seipin
in LD biogenesis was first identified in a screen performed in
yeast to identify mutants with aberrant LD morphology. In two
independent studies it was shown that in the absence of seipin,
yeast cells exhibit multiple smaller, or fewer supersized LDs that
are clustered together (Li et al., 2007; Fei et al., 2008). It was
later shown that seipin is required for efficient incorporation of
both proteins and lipids into the LDs (Salo et al., 2016). Seipin
forms discrete foci in the ER membrane where nascent LDs are
formed. Seipin along with Ldb16 in yeast is localized at ER-LD
contact sites (Wang et al., 2014; Grippa et al., 2015). Seipin is
highly mobile on the ER membrane until it encounters a nascent
LD. Loss of seipin leads to smaller LDs that eventually fuse to
form large and fewer LDs (Wang et al., 2016). Recent cryo-EM
studies describe oligomeric structures of human (undecamers)
and fly (dodecamers) seipin. Each monomer consists of a
hydrophobic helix placed toward the ER bilayer and a β-sandwich
domain which is structurally similar to lipid-binding proteins.
It was shown that this domain binds to anionic phospholipids
such as phosphatidic acid (Sui et al., 2018; Yan et al., 2018).
Thus, seipin could regulate the local phospholipid levels at the
site of LD budding.

NVJ
Lipid droplet biogenesis occurs at specialized nuclear vacuolar
junctions (NVJs) during nutrient stress. Mdm1, a molecular
tether at the NVJ, and localizes at the site of LD formation.
Overexpression of Mdm1 causes accumulation of LDs at the
NVJ, supporting its role in LD biogenesis (Hariri et al., 2018).
Other players in LD biogenesis at the NVJ include Ldo16 and
Ldo45, which are overlapping genes with shared amino acid
sequence. These proteins are required for accumulation of LDs at
the NVJ during stationary growth phase. These proteins generate
new LDs at NVJ under nutrient stress conditions to facilitate
lipophagy, the breakdown of LDs through autophagy (Eisenberg-
Bord et al., 2018; Teixeira et al., 2018). Whether spatial
compartmentalization of LD biogenesis specific to nutrient stress
occurs in higher eukaryotes remains to be investigated.

LINKS BETWEEN LD AND
PEROXISOMES BIOGENESIS

Several reports have suggested that LDs and peroxisomes are
intimately associated (Schrader, 2001; Binns et al., 2006; Valm
et al., 2017). Yeast cells grown in the presence of oleic acid
exhibit peroxisomes that adhere stably with LDs by forming
extended membrane processes called gnarls. These extensions
were enriched in fatty acid beta oxidation enzymes, suggesting
coupling of lipolysis within the LDs with peroxisomal enzymes
(Binns et al., 2006). A recent report suggests that M1 spastin
on the LDs physically tethers with ABCD1 on peroxisomal
membranes. Moreover, M1 spastin recruits ESCRT III proteins to
facilitate fatty acid trafficking from LDs to peroxisomes (Chang
et al., 2019). Thus, there is a clear metabolic link between these
organelles. In this section we discuss the shared machinery
required for the de novo biogenesis and function of peroxisomes
and LDs. Both organelles originate from the ER membrane (Joshi
et al., 2017). Until recently, the sites in the ER membrane for
formation of these organelles was not known. Also, it was unclear
whether these sites form stochastically or are pre-determined.

Pex30 Subdomains: Sites for Nascent LD
and PPV Generation
Recent studies in yeast demonstrated that Pex30 localizes to
discrete regions of the ER called ER subdomains. Pex30 is a
resident ER protein, however, it localizes to peroxisomes or
PPVs when cells are exposed to oleic acid or when Pex30 is
overexpressed (Vizeacoumar et al., 2006; Joshi et al., 2016).
Pex30 and Pex30-like proteins contain a reticulon homology
domain (RHD), a transmembrane domain that is similar to
reticulon proteins. Like reticulons, Pex30 proteins tubulate the
ER membrane. However, unlike the reticulons, Pex30 and Pex30-
like proteins are low abundance proteins localized to discrete
regions in the ER. In cells devoid of peroxisomes, it was
demonstrated using fluorescence and electron microscopy that
newly expressed Pex14 is targeted to ER regions enriched with
Pex30. Pex14 eventually leaves the ER membrane in a newly
formed PPV (Joshi et al., 2016). This suggests that Pex30
subdomains are novel exit sites of nascent PPV formation
(Figure 1A). Interestingly, these sites do not overlap with ER exit
sites for COPII vesicles (Joshi et al., 2016). Whether other types of
PPVs also form at these subdomains remains to be investigated.
Deletion of Pex30 and the Pex30-like protein, Pex31, generates
small clusters of PPVs closely associated with the ER membrane.
The rate of formation of new peroxisomes is also decreased in
cells devoid of Pex30 and Pex31 (Joshi et al., 2016). Thus, Pex30
and Pex31 are essential for efficient formation of peroxisomes.

The number of Pex30 subdomains per cell is much greater
than the number of PPVs per cell. Thus, Pex30 subdomains
could have additional roles. Indeed, it was demonstrated that
Pex30 subdomains are also the sites for nascent LD formation
(Figure 1B; Joshi et al., 2018). Furthermore, in yeast cells
PPVs were associated with LDs at Pex30 subdomains, implying
that PPV and LD biogenesis might occur at the same sites
within the ER (Figure 2). It is possible that Pex30 also
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FIGURE 2 | Link between peroxisome and LD biogenesis: The formation of new Pex14-containing PPVs and LDs occur at the same ER subdomains, which are
positive for Pex30/MCTP2 proteins. Mature peroxisomes also physically associate with LDs. Tethers identified so far include ABCD1 on peroxisomes, which interacts
with Spastin on LDs. Other tethers may also be involved in peroxisome-LD contacts. Pex19 is a cytosolic protein required for peroxisomal protein targeting, which
when farnesylated targets a LD protein UBXD8 to LDs.

localizes to the site of new LD formation at the NVJ, as
Pex30 is enriched at NVJ especially during stationary growth
phase (Joshi et al., 2016). Pex30 subdomains exist even in
the absence of LDs, suggesting that the sites at which LDs
and PPVs form are stable, pre-determined, and not random.
Pex30 has a functional homolog, multiple C2 domain containing
transmembrane protein 2 (MCTP2), in higher eukaryotes,
which also has an RHD (Joshi et al., 2018). Mammalian
cells have two MCTP proteins, MCTP1 and MCTP2, whereas
flies and worms have only one MCTP (Shin et al., 2005).
Similar to Pex30, MCTP2 is also a low abundance protein that
localizes to the sites of LD biogenesis (Figure 1B). MCTP2
subdomains also dynamically associate with the peroxisomal
vesicles. However, MCTP2 does not localize to peroxisomes
(Joshi et al., 2018).

It is possible that in addition to organelle biogenesis, these
ER subdomains play roles in lipid trafficking and signaling. In
the absence of Pex30, LDs are small and clustered and there
is ER membrane proliferation. An independent study showed
that loss of Pex31, a paralog of Pex30, also leads to smaller
LDs (Lv et al., 2019). The rate of new LD formation was also
significantly decreased in cells devoid of Pex30 (Joshi et al., 2018).
It is fascinating that loss of Pex30 has similar morphological
effects on both PPVs and LDs, suggesting that the mechanism
involved in biogenesis of the organelles is shared (Joshi et al.,
2016, 2018). Pex30 also colocalizes with several ER membrane
proteins, including seipin, that are known markers for the sites
of LD biogenesis. Deletion of seipin affected the distribution of
Pex30 in the ER, as there was a significant decrease in the number
of Pex30 punctae in the seipin mutant. Cells devoid of both Pex30
and seipin exhibited a severe growth defect, and highly clustered
small and large LDs (Joshi et al., 2018; Wang et al., 2018). Seipin
also affects peroxisome biogenesis, as deletion of seipin alone
decreased the rate of formation of new peroxisomes (Wang et al.,
2018). Thus, there is a clear link between LD biogenesis and
peroxisome biogenesis.

Shared Protein Machinery for Targeting
of Peroxisomal and LD Proteins
Pex19, a well-established cytosolic chaperone protein, and Pex3,
a PMP, are required for targeting of UBXD8, an LD protein, in
the ER membrane of mammalian cells. UBXD8 is delivered to
Pex3-enriched ER subdomains by farnesylated Pex19 (Figure 2).
UBXD8 was mistargeted to the peroxisome if Pex19 was not
farnesylated, suggesting that the post-translational modification
is vital to gain specificity of protein targeting (Schrul and Kopito,
2016). It is possible that enzymes that are required for LD
maturation and growth follow the same route, as cells devoid
of Pex3 or Pex19 exhibit smaller LDs (Wang et al., 2013).
Another example of a link between peroxisomes and LDs comes
from a recent study which demonstrated that in mammalian
cells the peroxisomal protein fatty acyl CoA reductase 1 (Far1),
is targeted to LDs upon increased triglyceride synthesis. Far1
exhibits two different topologies that differ in orientation of the
short hydrophilic C-terminus toward the cytosol or lumen. Out
of the two closely spaced hydrophobic domains, one is enough to
target the protein to the LDs. Thus, Far1 exhibits dual topologies
to peroxisomes and LDs dependent on cellular lipid metabolism
(Exner et al., 2019).

CONCLUSION AND FUTURE
PERSPECTIVES

There are many open questions about the links between
peroxisomes, LDs, and other organelles that originate from
the ER. What is the common theme in the biogenesis of
peroxisomes and LDs? Structurally, these organelles are very
different. It is possible that Pex30 and seipin generate specialized
ER subdomains for PPV and LD biogenesis. Seipin specifically
binds to anionic phospholipids (Yan et al., 2018), whereas studies
using sensor proteins such as the DAG-sensing PKD domain
from mammalian cells and Dga1 protein demonstrated that
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Pex30 subdomains have enriched DAG and possibly phosphatidic
acid, especially upon induction of LDs with oleic acid (Joshi
et al., 2018). In addition, the LD defect in cells devoid of
seipin and Pex30 was rescued by manipulating ER phospholipid
composition (Wang et al., 2018). Thus, the generation of these
organelles could be influenced by lipids. Pex30 could induce
curvature with its RHD, which might be conducive for the
synthesis of certain lipids to facilitate the generation of LDs
and PPVs. It is also possible that the biogenesis of these
organelles from a common subdomain allows their formation
to be coordinated in response to stimuli that require the
proliferation of both, such as a lipid challenge. It has been
demonstrated that Pex30 subdomains do not overlap with ER
exit sites. However, it remains to be determined whether these
domains play a role in the biogenesis of other organelles that
originate from the ER, such as autophagosomes, which can
also be induced in response to excess lipids (Singh et al.,
2009). There are hints that LD and autophagosome biogenesis
may be related: both autophagosomes and LDs have been
observed cradled within “cups” of ER membrane, and LC3
and Atg2, which are involved in autophagosome biogenesis,
also localize to LDs (Robenek et al., 2006; Hayashi-Nishino
et al., 2009; Shibata et al., 2009, 2010; Velikkakath et al.,
2012). These observations suggest that autophagosome and LD
biogenesis may share some common machinery, but whether
Pex30 ER subdomains are involved in autophagosome biogenesis
is currently unknown.

Finally, the ER subdomains involved in organelle biogenesis
may also be membrane contact sites through which peroxisomes
and LDs communicate with the ER after their biogenesis. In this
case they could play roles in organelle remodeling, or in the
trafficking of proteins and/or lipids between the ER, peroxisomes,
and LDs. Peroxisomes in mammalian cells are tethered to the ER
via ACBD5-VAP proteins. This tether is essential for peroxisomes

to receive lipids from the ER required for peroxisomal membrane
expansion (Costello et al., 2017; Hua et al., 2017). Several tethers
have been proposed for ER-LD contact sites. These include
interactions between NRZ-SNARE on the ER and Rab18 on LDs
in mammalian cells, and between the lipid synthesis enzymes
FATP1 on the ER and DGAT2 on LDs in worms (Xu et al.,
2012, 2018). Whether Pex30 ER subdomains colocalize with
any of these tethers, or whether they form distinct membrane
contact sites, is currently unknown. The precise protein
composition of these ER-LD-peroxisome membrane contact
sites, their physiological function, and regulation all remain to
be determined. The recent development of new biochemical
and microscopic tools to study membrane microdomains and
membrane contact sites is sure to open up many new areas of
research in this exciting field.

AUTHOR CONTRIBUTIONS

AJ and SC conceived and wrote the manuscript.

FUNDING

This work was supported by The University of North
Carolina at Chapel Hill, by the National Institute on Aging
of the National Institutes of Health under award number
R00AG052570, and by the Alzheimer’s Association under award
number 2018-AARG-590347.

ACKNOWLEDGMENTS

We thank Sarah Monroe for help with the figures.

REFERENCES
Agrawal, G., Fassas, S. N., Xia, Z. J., and Subramani, S. (2016). Distinct

requirements for intra-ER sorting and budding of peroxisomal membrane
proteins from the ER. J. Cell Biol. 212, 335–345. doi: 10.1083/jcb.201506141

Agrawal, G., Joshi, S., and Subramani, S. (2011). Cell-free sorting of
peroxisomal membrane proteins from the endoplasmic reticulum.
Proc. Natl. Acad. Sci. U.S.A. 108, 9113–9118. doi: 10.1073/pnas.101874
9108

Agrawal, G., and Subramani, S. (2013). Emerging role of the endoplasmic reticulum
in peroxisome biogenesis. Front. Physiol. 4:286. doi: 10.3389/fphys.2013.00286

Argyriou, C., D’Agostino, M. D., and Braverman, N. (2017). “Peroxisome
biogenesis disorders,” in Metabolic Diseases: Foundations of Clinical
Management, Genetics, and Pathology, eds E. Gilbert-Barness, L. A.
Barness, and P. M. Farrell (Amsterdam: IOS Press), 847–880. doi:
10.3233/978-1-61499-718-4-847

Baudhuin, P., Beaufay, H., and De Duve, C. (1965). Combined biochemical
and morphological study of particulate fractions from rat liver. Analysis of
preparations enriched in lysosomes or in particles containing urate oxidase,
D-amino acid oxidase, and catalase. J. Cell Biol. 26, 219–243. doi: 10.1083/jcb.
26.1.219

Ben M’barek, K., Ajjaji, D., Chorlay, A., Vanni, S., Forêt, L., and Thiam, A. R.
(2017). ER membrane phospholipids and surface tension control cellular
lipid droplet formation. Dev. Cell 41, 591–604.e7. doi: 10.1016/j.devcel.2017.
05.012

Bersuker, K., and Olzmann, J. A. (2018). In close proximity: the lipid droplet
proteome and crosstalk with the endoplasmic reticulum. Contact 1, 1–3.

Bersuker, K., Peterson, C. W. H., To, M., Sahl, S. J., Savikhin, V., Grossman,
E. A., et al. (2018). A proximity labeling strategy provides insights into the
composition and dynamics of lipid droplet proteomes. Dev. Cell 44, 97–112.e7.
doi: 10.1016/j.devcel.2017.11.020

Binns, D., Januszewski, T., Chen, Y., Hill, J., Markin, V. S., Zhao, Y., et al. (2006).
An intimate collaboration between peroxisomes and lipid bodies. J. Cell Biol.
173, 719–731. doi: 10.1083/jcb.200511125

Chang, C.-L., Weigel, A. V., Ioannou, M. S., Pasolli, H. A., Xu, C. S., Peale, D. R.,
et al. (2019). Spastin tethers lipid droplets to peroxisomes and directs fatty acid
trafficking through ESCRT-III. bioRxiv [Preprint]. doi: 10.1101/544023

Chorlay, A., Forêt, L., Vanni, S., Thiam, A. R., Ajjaji, D., and Ben M’barek,
K. (2017). ER membrane phospholipids and surface tension control cellular
lipid droplet formation. Dev. Cell 41, 591–604.e7. doi: 10.1016/j.devcel.2017.
05.012

Choudhary, V., Golani, G., Joshi, A. S., Cottier, S., Schneiter, R., Prinz, W. A., et al.
(2018). Architecture of lipid droplets in endoplasmic reticulum is determined
by phospholipid intrinsic curvature. Curr. Biol. 28, 915–926.e9. doi: 10.1016/j.
cub.2018.02.020

Choudhary, V., Ojha, N., Golden, A., and Prinz, W. A. (2015). A conserved family
of proteins facilitates nascent lipid droplet budding from the ER. J. Cell Biol.
211, 261–271. doi: 10.1083/jcb.201505067

Cohen, S. (2018). Lipid droplets as organelles. Int. Rev. Cell Mol. Biol. 337, 83–110.
doi: 10.1016/bs.ircmb.2017.12.007

Frontiers in Cell and Developmental Biology | www.frontiersin.org 6 May 2019 | Volume 7 | Article 9230

https://doi.org/10.1083/jcb.201506141
https://doi.org/10.1073/pnas.1018749108
https://doi.org/10.1073/pnas.1018749108
https://doi.org/10.3389/fphys.2013.00286
https://doi.org/10.3233/978-1-61499-718-4-847
https://doi.org/10.3233/978-1-61499-718-4-847
https://doi.org/10.1083/jcb.26.1.219
https://doi.org/10.1083/jcb.26.1.219
https://doi.org/10.1016/j.devcel.2017.05.012
https://doi.org/10.1016/j.devcel.2017.05.012
https://doi.org/10.1016/j.devcel.2017.11.020
https://doi.org/10.1083/jcb.200511125
https://doi.org/10.1101/544023
https://doi.org/10.1016/j.devcel.2017.05.012
https://doi.org/10.1016/j.devcel.2017.05.012
https://doi.org/10.1016/j.cub.2018.02.020
https://doi.org/10.1016/j.cub.2018.02.020
https://doi.org/10.1083/jcb.201505067
https://doi.org/10.1016/bs.ircmb.2017.12.007
https://www.frontiersin.org/journals/cell-and-developmental-biology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-07-00092 May 31, 2019 Time: 10:3 # 7

Joshi and Cohen Lipid Droplet and Peroxisome Biogenesis

Costello, J. L., Castro, I. G., Hacker, C., Schrader, T. A., Metz, J., Zeuschner,
D., et al. (2017). ACBD5 and VAPB mediate membrane associations between
peroxisomes and the ER. J. Cell Biol. 216, 331–342. doi: 10.1083/jcb.201607055

de Duve, C. (1969). Evolution of the peroxisome. Ann. N. Y. Acad. Sci. 168,
369–381. doi: 10.1111/j.1749-6632.1969.tb43124.x

de Duve, C., and Baudhuin, P. (1966). Peroxisomes (microbodies and related
particles). Physiol. Rev. 46, 323–357. doi: 10.1152/physrev.1966.46.2.323

Delille, H. K., Bonekamp, N. A., and Schrader, M. (2006). Peroxisomes and disease
- an overview. Int. J. Biomed. Sci. 2, 308–314.

Deslandes, F., Thiam, A. R., and Forêt, L. (2017). Lipid droplets can spontaneously
bud off from a symmetric bilayer. Biophys. J. 113, 15–18. doi: 10.1016/j.bpj.2017.
05.045

Ducharme, N. A., and Bickel, P. E. (2008). Minireview: lipid droplets in lipogenesis
and lipolysis. Endocrinology 149, 942–949. doi: 10.1210/en.2007-1713

Eisenberg-Bord, M., Mari, M., Weill, U., Rosenfeld-Gur, E., Moldavski, O., Castro,
I. G., et al. (2018). Identification of seipin-linked factors that act as determinants
of a lipid droplet subpopulation. J. Cell Biol. 217, 269–282. doi: 10.1083/jcb.
201704122

Erdmann, R., Baumgart, E., Linkert, M., Kunau, W.-H., Götte, K., Girzalsky, W.,
et al. (2015). Pex19p, a farnesylated protein essential for peroxisome biogenesis.
Mol. Cell. Biol. 18, 616–628. doi: 10.1128/mcb.18.1.616

Exner, T., Romero-Brey, I., Yifrach, E., Rivera-Monroy, J., Schrul, B.,
Zouboulis, C. C., et al. (2019). An alternative membrane topology permits
lipid droplet localization of peroxisomal fatty acyl-CoA reductase 1. J. Cell Sci.
132:223016. doi: 10.1242/jcs.223016

Fei, W., Shui, G., Gaeta, B., Du, X., Kuerschner, L., Li, P., et al. (2008). Fld1p, a
functional homologue of human seipin, regulates the size of lipid droplets in
yeast. J. Cell Biol. 180, 473–482. doi: 10.1083/jcb.200711136

Fujiki, Y., Okumoto, K., Mukai, S., Honsho, M., and Tamura, S. (2014). Peroxisome
biogenesis in mammalian cells. Front. Physiol. 5:307. doi: 10.3389/fphys.2014.
00307

Geuze, H. J. (2003). Involvement of the endoplasmic reticulum in peroxisome
formation. Mol. Biol. Cell 14, 2900–2907. doi: 10.1091/mbc.e02-11-0734

Goldman, B. M., and Blobel, G. (2006). Biogenesis of peroxisomes: intracellular site
of synthesis of catalase and uricase. Proc. Natl. Acad. Sci. U.S.A. 75, 5066–5070.
doi: 10.1073/pnas.75.10.5066

Gould, S. J., and Valle, D. (2000). Peroxisome biogenesis disorders: genetics and cell
biology. Trends Genet. 16, 340–345. doi: 10.1016/S0168-9525(00)02056-4

Grippa, A., Buxó, L., Mora, G., Funaya, C., Idrissi, F. Z., Mancuso, F., et al. (2015).
The seipin complex Fld1/Ldb16 stabilizes ER-lipid droplet contact sites. J. Cell
Biol. 211, 829–844. doi: 10.1083/jcb.201502070

Hariri, H., Rogers, S., Ugrankar, R., Liu, Y. L., Feathers, J. R., and Henne, M. (2018).
Lipid droplet biogenesis is spatially coordinated at ER–vacuole contacts under
nutritional stress. EMBO Rep. 19, 57–72. doi: 10.15252/embr

Hayashi-Nishino, M., Fujita, N., Noda, T., Yamaguchi, A., Yoshimori, T., and
Yamamoto, A. (2009). A subdomain of the endoplasmic reticulum forms a
cradle for autophagosome formation. Nat. Cell Biol. 11, 1433–1437. doi: 10.
1038/ncb1991

Hettema, E. H., Girzalsky, W., Van Den Berg, M., Erdmann, R., and Distel, B.
(2000). Saccharomyces cerevisiae Pex3p and Pex19p are required for proper
localization and stability of peroxisomal membrane proteins. EMBO J. 19,
223–233. doi: 10.1093/emboj/19.2.223

Hoepfner, D., Schildknegt, D., Braakman, I., Philippsen, P., and Tabak, H. F. (2005).
Contribution of the endoplasmic reticulum to peroxisome formation. Cell 122,
85–95. doi: 10.1016/j.cell.2005.04.025

Hohfeld, J., Veenhuis, M., and Kunau, W. H. (1991). PAS3, a Saccharomyces
cerevisiae gene encoding a peroxisomal integral membrane protein essential for
peroxisome biogenesis. J. Cell Biol. 114, 1167–1178. doi: 10.1083/jcb.114.6.1167

Hua, R., Cheng, D., Coyaud, É., Freeman, S., Di Pietro, E., Wang, Y., et al. (2017).
VAPs and ACBD5 tether peroxisomes to the ER for peroxisome maintenance
and lipid homeostasis. J. Cell Biol. 216, 367–377. doi: 10.1083/jcb.201608128

Jacquier, N., Choudhary, V., Mari, M., Toulmay, A., Reggiori, F., and Schneiter, R.
(2011). Lipid droplets are functionally connected to the endoplasmic reticulum
in Saccharomyces cerevisiae. J. Cell Sci. 124(Pt 14), 2424–2437. doi: 10.1242/jcs.
076836

Joshi, A. S., Huang, X., Choudhary, V., Levine, T. P., Hu, J., and Prinz, W. A.
(2016). A family of membrane-shaping proteins at ER subdomains regulates

pre-peroxisomal vesicle biogenesis. J. Cell Biol. 215, 515–529. doi: 10.1083/jcb.
201602064

Joshi, A. S., Nebenfuehr, B., Choudhary, V., Satpute-Krishnan, P., Levine, T. P.,
Golden, A., et al. (2018). Lipid droplet and peroxisome biogenesis occur at the
same ER subdomains.Nat. Commun. 9:2940. doi: 10.1038/s41467-018-05277-3

Joshi, A. S., Zhang, H., and Prinz, W. A. (2017). Organelle biogenesis in
the endoplasmic reticulum. Nat. Cell Biol. 19, 876–882. doi: 10.1038/
ncb3579

Kadereit, B., Kumar, P., Torregroza, I., Wang, W.-J., Severina, N., Silver, D. L., et al.
(2007). Evolutionarily conserved gene family important for fat storage. Proc.
Natl. Acad. Sci. U.S.A. 105, 94–99. doi: 10.1073/pnas.0708579105

Kassan, A., Herms, A., Fernández-Vidal, A., Bosch, M., Schieber, N. L., Reddy,
B. J. N., et al. (2013). Acyl-CoA synthetase 3 promotes lipid droplet biogenesis
in ER microdomains. J. Cell Biol. 203, 985–1001. doi: 10.1083/jcb.201305142

Khor, V. K., Shen, W. J., and Kraemer, F. B. (2013). Lipid droplet metabolism.
Curr. Opin. Clin. Nutr. Metab. Care 16, 632–637. doi: 10.1097/MCO.
0b013e3283651106

Kim, P. (2017). Peroxisome biogenesis: a union between two organelles. Curr. Biol.
27, R271–R274. doi: 10.1016/j.cub.2017.02.052

Kim, P. K., and Hettema, E. H. (2015). Multiple pathways for protein transport
to peroxisomes. J. Mol. Biol. 427(6 Pt A), 1176–1190. doi: 10.1016/j.jmb.2015.0
2.005

Kim, P. K., Mullen, R. T., Schumann, U., and Lippincott-Schwartz, J. (2006). The
origin and maintenance of mammalian peroxisomes involves a de novo PEX16-
dependent pathway from the ER. J. Cell Biol. 173, 521–532. doi: 10.1083/jcb.
200601036

Kimura, H., Arasaki, K., Ohsaki, Y., Fujimoto, T., Ohtomo, T., Yamada, J.,
et al. (2018). Syntaxin 17 promotes lipid droplet formation by regulating the
distribution of acyl-CoA synthetase 3. J. Lipid Res. 59, 805–819. doi: 10.1194/jlr.
M081679

Knoops, K., De Boer, R., Kram, A., and Van Der Klei, I. J. (2015). Yeast pex1 cells
contain peroxisomal ghosts that import matrix proteins upon reintroduction of
Pex1. J. Cell Biol. 211, 955–962. doi: 10.1083/jcb.201506059

Knoops, K., Manivannan, S., Cepińska, M. N., Krikken, A. M., Kram,
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Phosphatidic acid (PA) is a simple glycerophospholipid with a well-established role as
an intermediate in phospholipid biosynthesis. In addition to its role in lipid biosynthesis,
PA has been proposed to act as a signaling molecule that modulates several aspects
of cell biology including membrane transport. PA can be generated in eukaryotic cells
by several enzymes whose activity is regulated in the context of signal transduction and
enzymes that can metabolize PA thus terminating its signaling activity have also been
described. Further, several studies have identified PA binding proteins and changes
in their activity are proposed to be mediators of the signaling activity of this lipid.
Together these enzymes and proteins constitute a PA signaling toolkit that mediates
the signaling functions of PA in cells. Recently, a number of novel genetic models for
the analysis of PA function in vivo and analytical methods to quantify PA levels in cells
have been developed and promise to enhance our understanding of PA functions.
Studies of several elements of the PA signaling toolkit in a single cell type have been
performed and are presented to provide a perspective on our understanding of the
biochemical and functional organization of pools of PA in a eukaryotic cell. Finally, we
also provide a perspective on the potential role of PA in human disease, synthesizing
studies from model organisms, human disease genetics and analysis using recently
developed PLD inhibitors.

Keywords: lipid signaling, membrane transceptor, endomembrane compartments, model organism, cellular
neurobiology, photoreceptores

INTRODUCTION AND HISTORICAL PERSPECTIVE

Phosphatidic acid (PA) is the simplest glycerophospholipid whose oldest known function is
to serve as the backbone for the synthesis of a number of classes of glycerophospholipids. It
consists of two fatty acyl chains esterified at positions sn-1 and sn-2 of glycerol and a free
phosphate group at sn-3 (Figure 1) reviewed in Athenstaedt and Daum (1999). Subsequently,
it has become apparent that PA is also produced by biochemical reactions that are well
understood as part of signal transduction pathways that mediate information transfer in eukaryotic
cells. Through these pathways PA can mediate a diverse range of effects on eukaryotic cells
that have been studied both in terms of basic cellular and molecular mechanisms and their
potential involvement in disease processes. In this review we focus specifically on those functions
of PA that relate to its ability to regulate membrane transport events in eukaryotic cells.
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Compartmentalization into membrane bound organelles is a
fundamental feature of eukaryotic cells (Rout and Field, 2017).
Although the core principles of how membrane bound vesicles
exchange material between the organelles of a cell have been
known for some time (Pfeffer, 2013), there remains much interest
in the mechanism by which this process is regulated. In this
setting, the interest in the function of PA as a regulator of
membrane transport rose from two strands of work. First, the
study of secretion control in yeast had identified SEC14 as
a PI/PC transfer protein required to support secretion and
transport from the Golgi (Bankaitis et al., 1990). A genetic screen
to identify suppressers and enhancers of sec14 mutants had
identified so called “bypass” mutants which encoded proteins
involved in phosphatidylinositol (PI) and phosphatidylcholine
(PC) biosynthesis (Cleves et al., 1991). Work in the Bankaitis
lab uncovered the finding that for the bypass mutants to
supress SEC14 function, yeast strains must have an intact SPO14
gene. SPO14 encodes phospholipase D (PLD), and enzyme
that converts PC to PA (Sreenivas et al., 1998; Xie et al.,
1998). Although SPO14 is a non-essential gene during vegetative
growth, it is required for both prospore formation and PA
production during starvation induced sporulation (Rudge et al.,
1998, 2001); loss of spo14p leads to the accumulation of undocked
membrane bound vesicles at the spindle pole body (Nakanishi
et al., 2006). Subsequent elegant studies from the Neiman lab
have shown that PA binds to spo20p, a v-SNARE required for
fusion of vesicles to the prospore membrane (De Los Santos and
Neiman, 2004; Liu et al., 2007). To date, these studies represent
the most detailed analysis of a role for PA in regulating events in
intracellular membrane transport in eukaryotic cells.

Secondly, in the context of metazoan biology, a role for
PA in regulating intracellular membrane transport arose from
two types of analyses (i) in vitro biochemical analysis which
showed that small GTPases of the Arf family, known regulators
of membrane transport can stimulate PLD activity (Brown et al.,
1993; Cockcroft et al., 1994). (ii) Overexpression of PLD in
multiple metazoan cells was able to modulate exocytosis (Vitale
et al., 2001; Choi et al., 2002; Cockcroft et al., 2002; Huang
et al., 2005), promote the generation of β-amyloid precursor
protein containing vesicles at the TGN (Cai et al., 2006a). It was
also shown that elevation of PA levels by multiple methods in
Drosophila photoreceptors results in altered protein trafficking
to the apical domain of these cells, collapse of the apical plasma
membrane and the accumulation of endomembranes within the
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FIGURE 1 | The chemical structure of phosphatidic acid. The glycerol
backbone (black) of PA has esterified fatty acids at sn-1 (green) and sn-2 (red)
position with carbon chain length of 16:0 and 18:2, respectively. The
phosphate head group esterified at sn-3 is shown in blue.

cell body (Raghu et al., 2009a). However, in contrast to the
yeast system, until recently there had been limited evidence to
support a role for PA in regulating intracellular transport in
metazoan cells. A recent study has presented evidence supporting
a role for endogenous PLD in regulating intracellular transport in
Drosophila photoreceptors (Thakur et al., 2016).

PA SYNTHESIS AND TURNOVER

Cellular levels of PA are controlled in a spatiotemporal manner
through the activity of multiple enzymes (Figure 2). These
enzymes are located at distinct sub-cellular locations and use
specific sources of substrate to maintain PA homeostasis and
dynamics within cells.

The de novo synthesis of PA occurs by two acylation reactions
wherein the first reaction leads to formation of monoacylated
PA[also called lysophosphatidic acid (LPA)]. LPA formation can
occur via one of two pathways; the first, seen in all organisms
from bacteria to mammals utilizes glycerol-3-phosphate by the
action of glycerol-3-P acyltransferase whereas the second occurs
via the dihydroxyacetone phosphate pathway starting with the
substrate dihydroxyacetone phosphate (DHAP). The LPA formed
undergoes a second acylation catalyzed by lysophosphatidic acid
acyl transferase (LPAAT). PA thus formed can be converted to
diacylglycerol (DAG) by phosphatidic acid phosphatase (Carman
and Han, 2009). DAG further serves as an intermediate in
the biosynthesis of triacylglycerols and phospholipids like PC,
phosphatidylethanolamine (PE) and phosphatidylserine (PS)that
are important structural lipids. CDP-DAG synthase can also
act on PA to form cytidine diphosphate diacylglycerol (CDP-
DAG) that is also an intermediate in synthesis of various
phospholipids like PI, phosphatidylglycerol (PG) and cardiolipin
(CL) (Heacock and Agranoff, 1997).

The enzymes that generate pools of signaling PA are mainly
PLD, diacylglycerol kinase (DGK) and LPAAT. PC-specific PLD
hydrolyses PC to form membrane bound PA and free choline. PA
thus formed performs various downstream signaling functions.
Although PLD like genes are found in both prokaryotes
and eukaryotes, in eukaryotes, in addition to the catalytic
HKD motifs, a number of additional domains such as the
PX, PH, myristoylation sequence and phosphatidylinositol 4,5-
bisphosphate (PIP2) binding site are found that may serve to
target the enzyme to specific membrane compartments reviewed
in Selvy et al. (2011). While simpler eukaryote genomes contain
a single gene encoding PLD activity, large and complex genomes
such as those of mammals contain two genes PLD1 and PLD2
that biochemically show PLD activity [reviewed in Selvy et al.
(2011)]. A recent study has suggested that the single PLD gene
in Drosophila melanogaster encodes a protein that is functionally
more similar to hPLD1 than hPLD2 (Panda et al., 2018). Though
PLD1 and PLD2 are the most extensively studied, there are
4 other reported members of the mammalian PLD family,
defined by the presence of a HKD motif. PLD3 and PLD4
are type II transmembrane proteins located at the ER and
lysosomal compartments (Otani et al., 2011; Gonzalez et al.,
2018). Although they belong to the PLD family, no canonical PLD
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FIGURE 2 | Schematic representation for biochemical pathways for the synthesis and metabolism of PA. Blue arrows indicate PA synthesis while orange arrows
indicate turnover. Enzymes involved are marked in purple and the ones directly affecting PA levels are indicated in bold. Lipids species are marked in green. DAG,
Diacylglycerol; CDP-DAG, Cytidine Diphosphate Diacylglycerol; PI, Phosphatidylinositol; PI4P, Phosphatidylinositol-4-phosphate; PI(4,5)P2,
Phosphatidlyinositol-4,5-bis-phosphate; Lyso-PA, Lyso-phosphatidic acid; PC, Phosphatidylcholine; PG, Phosphatidylglycerol; CL, Cardiolipin; DGK, Diacylglycerol
kinase; PAP, PA Phosphatase; LPAAT, Lyso-PA Acyl Transferase; PLA, Phospholipase A; PLD, Phospholipase D; PI4K, Phosphatidylinositol-4-kinase; PIP5K,
Phosphatidylinositol-4-phosphate-5-kinase; PLC, Phospholipase C.

enzyme activity has been reported. PLD5 is similar to PLD3 and
PLD4 in that biochemical activity has not been demonstrated;
a mouse knockout of PLD 5 has not shown any significant
abnormalities (Karp et al., 2010). PLD6 or Mito PLD can
hydrolyse cardiolipin on the outer membrane of mitochondria
to generate PA (Choi et al., 2006). Along with this it has also
functions as an endonuclease (phosphodiesterase) in piRNAs
biogenesis (Watanabe et al., 2011).

It has been known since the 1980s that PLD is a signal
activated enzyme in mammalian cells. Many agonists including
hormones and neurotransmitters activate PLD [reviewed in
Liscovitch (1991)]; interestingly many of these agonists also
activate phospholipase C (PLC) resulting in PIP2 hydrolysis,
a concomitant increase in intracellular calcium [Ca2+]i and
the production of DAG, an activator of protein kinase C
(PKC). Interestingly, both Ca2+ and PKC have been studied
as stimulators of PLD activity (Exton, 2002). In addition,
small G-proteins of the Arf family appear to be required
for full activation of PLD during GPCR signaling. A recent
study has presented evidence that in Drosophila photoreceptors,
where photons activate the GPCR rhodopsin leading to PLC
activation, PLD dependent PA production also occurs but this
does not requires Gq activity (Thakur et al., 2016). However,
the biochemical steps leading to PLD activation during agonist
mediated activation of G-protein coupled receptors (GPCR)
remains unresolved.

Diacylglycerol kinases (DGK) are a family of lipid kinases
that phosphorylate DAG to produce PA. DGKs are present
in organisms from prokaryotes to mammals. In mammals,

ten isoforms of DGK are reported that are grouped into 5
classes, each of which contains the DGK catalytic domain along
with a range of additional domains that presumably lend both
localization and regulatory properties [reviewed in Topham
and Epand (2009)]. DGK activity is required to metabolize the
DAG generated during receptor activated PLC signaling; loss
of DGK results in enhanced PLC signaling based outputs in
studies of multiple model systems (Rodriguez de Turco et al.,
2001; Hardie et al., 2002; Zhong et al., 2003; Olenchock et al.,
2006). Although direct evidence of a role for PA in phenotypes
resulting from DGK deficiency have not been presented, it has
been proposed that reduction of PA levels in rdgA mutants
(diacylglycerol kinase in Drosophila) may result in transport
defects to the apical membrane of photoreceptors (Suzuki et al.,
1990). However, laza mutants (Type II PA phosphatase in
Drosophila) that show elevated PA levels are able to suppress
the retinal degeneration of rdgA mutants (Garcia-Murillas et al.,
2006) suggesting that PA levels may be important for the
phenotypes of DGK deficiency.

QUANTIFICATION OF PHOSPHATIDIC
ACID

Phosphatidic acid is a low abundance phospholipid in cells,
being about two log orders less abundant compared to lipid
classes such as PC; in biological samples PA is estimated to be
0.1–0.3 mole % of the total membrane lipids (Guan et al., 2013).
Levels of PA can be estimated using multiple approaches such as
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thin layer chromatography (Holland et al., 2003), radionuclide
(Munnik et al., 2000) or fluorescent labeling (Zhang et al.,
2004). However, each of these methods has limitations ranging
from low sensitivity to the inability to label total lipids in
tissues. This poses a challenge in determining the levels of PA
from tissue or cell samples without the benefit of radioactive
labeling. Mass spectrometry has also been used to measure PA
levels in tissues. The majority of published literature for PA
analysis relies on triple quadrupole mass spectrometry coupled to
reverse phase high performance liquid chromatography (HPLC)
(Aaltonen et al., 2010; Bathena et al., 2011; Buré et al., 2013),
although quantification of PA has also been reported using
normal phase (Raghu et al., 2009a) and hydrophilic interaction
liquid chromatography (HILIC) (Buré et al., 2013; Triebl et al.,
2014). PA levels have previously been quantified from lipid
extracts using the high resolution (100,000) and high mass
accuracy (≤3 ppm) provided by Orbitrap technology (Yadav
et al., 2015; Thakur et al., 2016). This method identifies lipids
based on class specific chemical formulae generated from their
monoisotopic mass; hence the exact composition of the fatty
acyl chains cannot be determined. Recent work has established
a new mass spectrometry-based method which can establish
the fatty acyl chain composition of individual PA species and
also quantify them. This method uses differential fragmentation
patterns obtained from multiple reaction monitoring (MRM)-
triggered information dependent (IDA) “on the fly” MS/MS’
(recorded as EPI) experiments, to establish sn-1 and sn-2
positional isomers present in PA from biological samples. This
method should facilitate the analysis of PA in the context of cell
signaling (Panda et al., 2018).

In addition to PA mass estimation, it is also informative to
determine the spatial distribution of PA in cells. The spatial
distribution of PA can be studied using PA binding domains
(PABD) of proteins fused to fluorescent reporters. Such PABD
are described below; some of the mostly commonly used PA
probes are the PABD of SPO20 (Nakanishi, 2004), Opi1p (Loewen
et al., 2004), PDE41A (Baillie et al., 2002), and Raf1 (Cells et al.,
1996). In cells the PABD of SPO20 is localized to compartments
like plasma membrane and nucleus (Nakanishi, 2004; Zeniou-
Meyer et al., 2007) whereas the PABD of Opi1p is localized
to the endoplasmic reticulum (ER) and nucleus (Loewen et al.,
2004) and the PABD of PDE41A is found at the Golgi apparatus
(Baillie et al., 2002). The differential localization of PABDs might
be due to recognition of distinct pools of PA in a specific
environment (Kassas et al., 2017) or additional regulators of their
localization. However, these methods cannot give quantitative
information about PA.

PHOSPHATIDIC ACID BINDING MODULE

Phosphatidic acid is a negatively charged lipid that regulates
diverse cellular processes ranging from membrane trafficking to
growth control (Jones et al., 1999; Foster, 2009). Some of these
functions have been proposed to depend on its ability, as a
cone shaped molecule, to alter lipid packing in a leaflet of the
bilayer and thus membrane curvature. Many actions of PA are

attributed to its ability to interact with PA binding proteins. Thus,
in order to understand the in vivo regulatory functions of PA,
it is important to study PA binding proteins. There have been
various biochemical analyses primarily utilizing lipid affinity
purification and LC–MS/MS mass spectrometry to identify novel
PA binding proteins from tissue extracts (Manifava et al., 2001;
Park et al., 2015). Such studies have revealed a broad range of
PA binding proteins [reviewed in Raghu et al. (2009b), Stace
and Ktistakis (2006)], however, in contrast to other lipid classes
such as phosphoinositides that bind to specific domains (e.g.,
PX domain), to date no PA binding protein domain has been
identified. Rather, it is thought that positively charged amino
acids (e.g., lysine, arginine, and histidine) in PA-binding proteins
interact with the negatively charged head group of PA (Stace
and Ktistakis, 2006; Lemmon, 2008). PA-protein interactions can
also be mediated by presence of the positively charged amino
acids in well-defined domains of proteins like the PH domain
of Sos (Zhao et al., 2007) or it can be in unstructured regions
harboring several basic amino acids such as in the proteins
Raf-1, mTOR,PIP5K, and DOCK2 (Fang et al., 2001; Stace and
Ktistakis, 2006; Nishikimi et al., 2009; Roach et al., 2012). A recent
review has highlighted factors that are likely to influence that
ability of PA to bind to proteins given its unique physicochemical
properties (Tanguy et al., 2018). Although a primary role for
positively charged amino acids in mediating PA binding to
proteins is central, the protonated state of PA, the presence
of other zwitterionic lipids such as PE and the concentration
of Ca2+ ions can also influence PA binding properties. The
physicochemical properties of PA binding to proteins in the
context of membranes is summarized in an excellent, recent
review by Vitale et al. (2001), Tanguy et al. (2018).

PHOSPHATIDIC ACID FUNCTIONS

Phosphatidic acid is a cone shaped, low abundance membrane
phospholipid (van Meer et al., 2008). By virtue of its shape,
it can impart negative curvature to membranes and hence
in principle influence membrane budding and fusion during
vesicular trafficking. PA can also modulate membrane trafficking
by binding to proteins that regulate various aspect of vesicular
trafficking (Jones et al., 1999; Roth et al., 1999). Some of the
important functions of PA in the context of membrane trafficking
are described below:

Receptor Transport
The ability of a cell to respond optimally to environmental
changes is determined by the numbers and types of plasma
membrane receptors. Upon ligand binding plasma membrane
receptors like receptor tyrosine kinases (RTKs) and G protein
coupled receptors (GPCRs) are activated and mediate the
downstream signaling (Gether, 2000). Post-activation, these
receptors are internalized either via clathrin mediated
endocytosis (CME) (Wolfe and Trejo, 2007) or clathrin-
independent endocytic mechanisms (Mayor and Pagano, 2007)
or via fast-endophilin-mediated endocytosis (FEME) (Boucrot
et al., 2015). Removal of cell surface receptors serves as a
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mechanism to regulate the levels of activated receptors on the
surface and modulate the downstream signaling to a given
ligand. The internalized receptors are subsequently degraded
via lysosomes or recycled back to the plasma membrane
(Irannejad and Von Zastrow, 2014).

Phosphatidic acid has been reported to play a regulatory role
in CME (Antonescu et al., 2010). PLD activity itself has been
implicated in trafficking and signaling from various membrane
receptors (Exton, 2002; Selvy et al., 2011). Ligand induced
endocytosis of EGFR requires PA generated by PLD1 (Lee C.S.
et al., 2009). In presence of EGF, activated EGFR is internalized
via CME with the help of the adaptor protein AP2 that recognizes
EGFR via its µ2 subunit. In this context, it was seen that
the PLD1 protein itself is an effector of PA and the auto-
regulatory interaction between the PX domain of PLD1 and PA
promotes the binding of PH domain of PLD1 with µ2 subunit
and thereby facilitates EGFR endocytosis (Lee J.S. et al., 2009).
PA also regulates the cell surface vs. intracellular distribution
of inactive EGFR independent of the ligand. Inhibition of PA
phosphatase activity causes acute increases in PA levels, inducing
internalization of inactive EGFR in absence of ligand. It was
seen that the internalization of inactive EGFR is through a
PA effector-rolipram-sensitive type 4 phosphodiesterase (PDE4)
that mediated down-regulation of PKA activity. The internalized
EGFR accumulates in recycling endosomes and can either stay
there without degradation for several hours or return to the cell
surface when PA levels are reduced (Andres and Alfonso, 2010).

Micro-opioid receptors (MOPr) are a class of opioid
receptors belonging to superfamily of seven transmembrane
helix receptors. Activation of opioid receptors causes neuronal
inhibition via multiple downstream effectors (Koch and Höllt,
2008). It has been shown that the agonist D-Ala2, Me Phe4,
Glyol5-enkephalin (DAMGO) induced activation of MOPr also
causes activation of PLD2 in an ARF dependent manner
(Haberstock-Debic et al., 2003; Koch et al., 2003; Rankovic
et al., 2009). MOPr and PLD2 physically interact with each
other via the PX domain of PLD2 and regulate agonist-induced
MOPr endocytosis (Koch et al., 2003). PLD2 activity has also
been shown to be important for MOPr re-sensitization, as
inhibition of PLD2 results in a decrease of agonist induced MOPr
desensitization (Koch et al., 2004).

In neurons, class 1 metabotropic glutamate receptors
(mGluR1 and mGluR5) are constitutively internalized via
β-arrestin dependent and independent mechanisms (Sallese
et al., 2000; Dale et al., 2001; Fourgeaud et al., 2003; Pula et al.,
2004). PLD2 activity regulates the constitutive internalization
of mGluR. It has been noted that PLD2 forms a complex with
Ral and its guanine nucleotide exchange factor Ral-GDS. This
novel complex constitutively interact with mGluRs by forming
an adaptor and this agonist independent internalization does not
appear to require β-arrestin (Bhattacharya et al., 2004).

In Drosophila photoreceptors, illumination activates the
phototransduction cascade. Following light absorption, the
GPCR Rhodopsin 1 (Rh1) undergoes photoisomerization to
meta-rhodopsin (M). M is phosphorylated at its C-terminus,
binds β-arrestin and this complex is removed from the
microvillar plasma membrane via clathrin-dependent

endocytosis to be either recycled back to the microvillar
plasma membrane (Wang et al., 2014) or trafficked to the
lysosome for degradation (Chinchore et al., 2009) [reviewed in
Xiong and Bellen (2013)]. Tight regulation of this process is
critical for rhabdomere integrity during illumination as mutants
defective in any of the several steps of the rhodopsin cycle
undergo light-dependent collapse of the rhabdomere [reviewed
in Raghu et al. (2012) and see below]. During illumination, PA
produced by dPLD regulates the recycling of Rh1 from late
endosomal compartment in a ARF1 and retromer complex
dependent manner back to the plasma membrane (Thakur
et al., 2016). Hence during illumination, dPLD activity couples
endocytosis of Rh1 loaded vesicles with their recycling to
the plasma membrane thus maintaining plasma membrane
composition and size. In summary, PA regulates the transport
and signaling activity of several GPCRs by controlling their levels
on the plasma membrane.

Exocytosis
Phosphatidic acid produced by PLD activity plays an important
role in regulating exocytosis. Early evidence implicating PLD in
exocytosis emerged from studies of mast cells and neutrophils
(Bader and Vitale, 2009). Ethanol, known to inhibit PA
production by PLD, also inhibited exocytosis in mast cells
stimulated via their high affinity FcεR1 receptor (Gruchalla
et al., 1990) and degranulation in neutrophils (Korchak et al.,
1988; Tou and Gill, 2005). Subsequently several studies have
reported similar observations with regard to PLD activity and
exocytosis in differentiated HL60 cells (Stutchfield and Cockcroft,
1993), sperm acrosome (Roldan and Dawes, 1993), adherent
human polymorph nuclear leukocytes (Nakamura et al., 1994),
pancreatic β-cells (Hughes et al., 2004) and neuroendocrine
chromaffin cells (Bader and Vitale, 2009). PA generated via
diacylglycerol kinase (DGK) has also been to shown to regulate
release of azurophilic granules in anti-neutrophil cytoplasmic
antibodies induced neutrophil exocytosis (Holden et al., 2011).
Although these studies implicate PA in regulating exocytosis,
mechanistic insights as to which specific step of the exocytic
process might be regulated remains to be discovered.

Phagocytosis
Phagocytosis is an essential process which enables immune cells
like macrophages to internalize large particles (like extracellular
particles, invasive pathogens, necrotic cells) into membrane-
bound structure called the phagosomes (Niedergang and
Chavrier, 2004). Such processes involve the ongoing extension
of actin-rich protrusions and the consequent formation of
phagosomes and macropinosomes (Flannagan et al., 2012).
Lipids in general play a critical role in organizing various
events of phagocytosis and PA also regulates multiple aspects of
phagocytosis. In murine macrophages, PLD1 and PLD2 activity
are necessary for efficient phagocytosis and PA is found to be
transiently produced at the sites of phagosomes formation. In
cells undergoing phagocytosis, PLD1 is recruited to nascent
and internalized phagosomes, whereas PLD2 is only observed
on nascent phagosomes. Thus both PLD isoforms are required
for phagosome formation, but only PLD1 is implicated in later
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stages of phagocytosis occurring after phagosomal internalization
(Corrotte et al., 2006). It was also seen that during phagocytosis,
PLD2 forms a heterotrimeric protein complex with growth
factor receptor-bound protein 2 (Grb2) and Wiskott-Aldrich
syndrome protein (WASp). It is by virtue of this interaction that
PLD2 can regulate the localization and activity of WASp. PLD2
anchors WASp to the cell membrane via Grb2 by protein-protein
interactions and the PA produced by PLD2 leads to synthesis
of PIP2 through PIP5K activity which in turn regulates the
activity of WASp. This heterotrimeric interaction enables actin
nucleation at the phagocytic cup and phagocytosis (Di Fulvio
et al., 2007; Kantonen et al., 2011). In macrophages and dendrites,
the basal PA required for constitutive membrane ruffling during
micropinocytosis is primarily contributed by DGK and not by
PLD activity (Bohdanowicz et al., 2013). PA is also known to
regulate NADPH oxidase activity which plays important role in
phagocytosis (Erickson et al., 1999; Palicz et al., 2001). Structural
analysis of PX domain of the NADPH oxidase p47phox subunit
by X-ray crystallography has identified two distinct pockets for
phosphoinositide and PA binding (Karathanassis et al., 2002).

Neuronal Function
Phosphatidic acid is proposed to play an important role in
neurotransmission (Humeau et al., 2001; Bader and Vitale,
2009). PA is generated at the presynaptic ribbon terminals
where it can regulate various steps of synaptic vesicle trafficking
(Schwarz et al., 2011). PA produced by PLD has been shown
to bind and modulate the activity of several proteins involved
in synaptic vesicle endo and exocytosis such as NSF, PI4P5K,
and syntaxin-1A (Manifava et al., 2001; Lam et al., 2007;
Mima and Wickner, 2009; Roach et al., 2012). The interaction
between PA and syntaxin 1A is believed to be necessary for
regulating the energetics of membrane fusion (Lam et al.,
2007). PA can bind and activate PIP5K (Moritz et al., 1992;
Jenkins et al., 1994) to synthesize PIP2, an lipid important
for neurotransmission and coupling of vesicular endocytosis to
exocytosis at the synapse (Koch and Holt, 2012; Martin, 2015).
Although there are number of studies linking PA produced
by DGK to have a neuronal function in vivo, however, there
is no direct evidence for the specific role of PA in the
synaptic vesicle cycle (Tu-Sekine et al., 2015; Lee et al., 2016;
Raben and Barber, 2017). In addition to multiple roles in
the synaptic vesicle cycle, several studies have implicated PA
produced by PLD1 and PLD2 in the intracellular trafficking
of β-amyloid precursor protein (APP) and presenilin with
important implications for amyloidogenesis (Cai et al., 2006a,b;
Oliveira and Di Paolo, 2010; Oliveira et al., 2010b; Bravo
et al., 2018). PLD1 is also reported to regulate autophagy
mediated clearance of protein aggregates like p62 and Tau
(Dall’Armi et al., 2010).

FUNCTIONAL ORGANIZATION OF
SIGNALING POOLS OF PA

Although numerous roles have been described for PA in
regulating various aspects of cell biology, there are limited

examples where the generation and functions of PA pools
derived from multiple sources have been studied in a single cell
type. One such cell type is the budding yeast Saccharomyces
cerevisiae where metabolic labeling experiments and mutant
analysis have tracked the generation and interconversion of PA
pools [reviewed in Ganesan et al. (2016)]. These studies have
primarily provided insights into the pools of PA involved in
lipid biosynthesis.

By contrast, in Drosophila photoreceptors, the dynamics
and functions of signaling PA generated by multiple enzymes
has been studied in a single cell type allowing a synthesis
of the control of cellular processes by multiple pools of PA
(Figure 3). Drosophila photoreceptors are polarized cells whose
cell biology is specialized for signal transduction during photon
detection. During phototransduction, photon absorption by
Rh1 triggers G-protein coupled phospholipase C (PLC) activity
leading to a sequence of biochemical reactions during which
PA is formed as a key intermediate. Mutants have been isolated
and studied for several enzymes involved in PA metabolism
in the context of signaling offering a setting in which the
regulation and cellular functions of PA in a single cell type can be
studied (Raghu et al., 2012).

Detailed genetic and biochemical analysis in Drosophila
photoreceptors has shown that adult photoreceptors contain two
main pools of PA generated by DGK (encoded by rdgA) and PLD
(encoded by dPLD), respectively. Loss of either enzyme results
in a reduction in levels of PA in adult photoreceptors (Inoue
et al., 1989; Garcia-Murillas et al., 2006; Thakur et al., 2016).
Drosophila photoreceptors also contain two enzymes that can
metabolize PA; a single gene encodes CDP-DAG synthase activity
(cds) (Wu et al., 1995); in cds1, a hypomorphic allele of cds,
photoreceptors show elevated levels of PA during illumination
confirming the requirement of this enzyme in metabolizing PA
generated by DGK activity through conversion to CDP-DAG
(Raghu et al., 2009a). In addition, photoreceptors also contain a
Type II PA phosphatase activity (encoded by laza) that appears to
be required for control of PA levels during illumination (Garcia-
Murillas et al., 2006) and overexpression of laza further reduces
the levels of PA in rdgA3 photoreceptors (Garcia-Murillas et al.,
2006). Together, these biochemical findings imply that DGK and
Type II PA phosphatase can likely control the same biochemical
pool of PA in photoreceptors.

Drosophila photoreceptors also contain a light stimulated PLD
activity; loss of this PLD activity results in a reduction in PA
levels (Thakur et al., 2016). Thus PLD activity contributes to PA
levels in photoreceptors and since PLD knockout photoreceptors
still express DGK, this observation implies that biochemically,
these two enzymes contribute non-redundant pools of PA to
photoreceptors. The PA levels in a rdgA;dPLD double mutant
have not been described and it is presently unclear if at the
biochemical level, there is any redundancy in the pools of PA
generated by these two enzymes. These reduced PA levels can be
rescued by either overexpression of RDGA or by loss of function
of laza implying that PA arising from DGK activity can substitute
for the loss of PA normally generated by PLD.

Since PA is a lipid, it is not freely diffusible across the
cytoplasm and therefore restricted to the membrane at
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FIGURE 3 | Spatial organization of the known pools of phosphatidic acid turnover in photoreceptors: Representation of Drosophila photoreceptor showing the
spatial organization of lipid intermediate in the rhabdomere microvilli with respect to the sub-microvillar cisternae (SMC) and the cell body [Adapted from Yadav et al.
(2018)]. Enzymes involved are mentioned in purple, gene names are mentioned in red and lipids involved are marked in green. The reactions marked in light green
and light purple are proposed and experimental evidence remains to be established. PA, phosphatidic acid; DAG, diacylglycerol; CDP-DAG, cytidine diphosphate
diacylglycerol; PI, phosphatidylinositol; PC, phosphatidylcholine; PIP, phosphatidylinositol 4 phosphate; PI(4,5)P2, phosphatidylinositol 4,5 bisphosphate; RDGA,
diacylglycerol kinase encoded by the rdgA gene; LAZA-Type II PA phosphatase encoded by the laza gene; CDS-CDP-DAG, synthase encoded by the cds gene;
dPLD, Drosophila PLD; PIS, phosphatidylinositol synthase.

which it is produced. While the biosynthetic pool of PA is
presumably generated at the ER membrane, signaling pools
of PA are generated at membranes where the enzymes
that generate them are localized; this would determine
the spatial distribution of signaling PA. In Drosophila
photoreceptors, phospholipase C is localized at the apical
plasma membrane of photoreceptors and thus DAG is
produced at this membrane. RDGA that phosphorylates
DAG to generate PA is localized on the sub-microvillar
cisternae (SMC). The SMC are a specialized ER derived
membrane compartment that is located at the base of the
microvillar membrane where it forms a membrane contact
site (MCS) with the microvillar plasma membrane (Yadav
et al., 2016). The importance of precisely localizing RDGA
is underscored by the phenotype of rdgA1, the most severe
allele of rdgA; rdgA1 photoreceptors express normal levels of
RDGA protein but an elegant immune electron microscopy
study has demonstrated that the RDGA protein expressed
in rdgA1 photoreceptors is no longer localized to the SMC
but distributed throughout the general ER in photoreceptors
(Masai et al., 1997). Interestingly, PLD the other major
source of signaling PA in photoreceptors is also localized to
the region of the MCS between the plasma membrane and
the SMC using immunofluorescence studies (Lalonde et al.,
2005; Raghu et al., 2009a) although it is presently unclear
at which of the two membranes the protein is localized;
immunoelectron microscopy studies will be required to
establish this point. The localization of endogenous LAZA in
photoreceptors remains unknown; CDP-DAG synthase has

been reported to be broadly distributed across the cellular ER in
photoreceptors (Wu et al., 1995).

Functional analysis has also suggests that photoreceptors
contain two major functional pools of PA. PA generated by
RDGA, which is critical for normal electrical responses to
light is generated in the context of G-protein coupled PIP2
turnover (Raghu et al., 2000; Hardie et al., 2002). Loss of
RDGA function leads to deregulated lipid turnover during
PLC mediated PIP2 turnover, excessive activation of TRP
channels and retinal degeneration (Raghu et al., 2000; Hardie
et al., 2004; Georgiev et al., 2005). From a cell biological
perspective, retinal degeneration involves the collapse of the
apical plasma membrane although the mechanism by which
loss of RDGA and reduced PA levels leads to apical domain
collapse remains unclear; Ca2+ influx through TRP channels
is clearly an intermediate since retinal degeneration in rdgA
mutants can be suppressed by loss of function mutants in trp
(Raghu et al., 2000).

Loss of dPLD by contrast does not result in any detectable
defects in phototransduction (Thakur et al., 2016) suggesting
that this pool of PA does not contribute directly to PLC
induced PIP2 turnover and TRP channel activation. Further,
overexpression of dPLD in rdgA mutants does not suppress
retinal degeneration suggesting that PA derived from PLD cannot
support those sub-cellular processes normally underpinned by
RDGA. The major function of PA derived from PLD activity
is to support membrane transport processes associated with
rhodopsin trafficking in photoreceptors. Recent work shows
that in dPLD mutants Rh1 containing vesicles accumulate in
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the cell body following illumination. PA generated by dPLD
seems to be required for the recycling of these rhodopsin
containing vesicles back to the plasma membrane through the
activity of the retromer complex [(Thakur et al., 2016) and
see previous section]. Although the direct targets of PA that
mediate control of vesicle recycling have yet to be identified,
a role for Arf1, a known PA binding protein in this process
has been proposed. In summary, the two major sources of PA
in photoreceptors, DGK and PLD support distinct sub-cellular
processes in photoreceptors.

Enzymes that metabolize PA have also been analyzed
in the context of photoreceptor function. Hypomorphic
alleles of cds, that encodes CDP-DAG synthase affect the
electrical response to light (Wu et al., 1995) and also the
re-synthesis of PIP2 during PLC signaling (Hardie et al.,
2001). Independent studies using transmission electron
microscopy have also demonstrated endomembrane defects
in the photoreceptor cell body of cds mutants (Raghu et al.,
2009a) and these defects appear to occur in the context
of ongoing Arf1 activity under scoring the importance of
CDP-DAG in controlling PA pools that regulate membrane
transport. Thus CDP-DAG synthase is able to impact
functions dependent on PA generated by both DGK and
non-DGK sources.

LAZA, the Type II PA phosphatase is required to metabolize
PA in photoreceptors generating DAG. Laza mutants show
an altered electrical response to light (Kwon and Montell,
2006), are able to suppress the retinal degeneration of rdgA
(Garcia-Murillas et al., 2006) and overexpression of laza
enhances this phenotype (Garcia-Murillas et al., 2006). Therefore,
LAZA is able to metabolize a pool of PA generated by
DGK activity. laza mutants are also able to restore the levels
of PA in dPLD loss-of-function mutants and also suppress

the retinal degeneration seen in dPLD mutants (Thakur
et al., 2016). Thus, a pool of PA controlled by LAZA is
also able to regulate functions mediated by PA generated
via dPLD activity.

In summary, while DGK and PLD generate biochemically and
functionally distinct pools of PA, the enzymes that metabolize PA,
namely CDP-DAG synthase and LAZA seem able to access both
pools of this lipid in photoreceptors (Figure 4). The cell biological
basis of how these pools of PA are segregated and support unique
functions remains unknown and will be an interesting topic to
analyze in the future.

PA AND HUMAN DISEASE

Infectious Diseases
Several studies have implicated cellular PLD activity in
influencing the ability of viruses to enter and replicate in
mammalian cells. Infection of respiratory epithelial cells with
influenza virus is reported to stimulate PLD activity and
chemical inhibitors of PLD2, RNAi depletion of PLD2 and
pre-treatment with primary alcohols have all been reported
to decrease the number of cells infected with viral particles
and also the viral titer produced post-infection (O’Reilly et al.,
2014; Oguin et al., 2014). Since PLD enzymes can form PtOH
that is enriched in endosomal membranes and can influence
membrane curvature, there has been interest in the idea that
PLD activity can influence the ability of viral particles to enter
cells and traffic through the endosomal system. PLD inhibitors
have demonstrated anti-viral activity against HIV and also impact
survival of intracellular parasites but the proposed mechanism
of action does not appear to involve modulation of host
trafficking systems.

PA
de novo

synthesis

RDGA
PA

CDP-DAG

DAG

dPLD
PA

CDP-DAG

DAG

CDS

LAZA

CDS

LAZA

Lipid biosynthesis

Phototransduction

Membrane transport

FIGURE 4 | Model conceptualizing the major pools of PA in Drosophila photoreceptors. Individual, distinct pools are marked in specific colors, enzymes that can
generate and metabolize these pools based on available experimental evidence are shown. PA, phosphatidic acid; DAG, diacylglycerol; CDP-DAG, cytidine
diphosphate diacylglycerol; RDGA, diacylglycerol kinase encoded by the rdgA gene; LAZA, Type II PA, phosphatase encoded by the laza gene; CDS-CDP-DAG,
synthase encoded by the cds gene; dPLD, Drosophila PLD.
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Central Nervous System
A number of studies in animal models have implicated PLD
activity in the pathogenesis of stroke, injury, inflammation
and neurodegenerative diseases of the central nervous system.
Multiple mechanisms for these functions have been proposed
[reviewed in Oliveira and Di Paolo (2010)]. In the context of the
CNS, it is reported that PA produced by PLD activity can regulate
the trafficking of amyloidogenic peptides (Cai et al., 2006a,b)
and PLD2 ablation is reported to ameliorate synaptic dysfunction
and cognitive defects in a mouse model of Alzheimer’s disease
(Oliveira et al., 2010a). It has also been reported that rare variants
in PLD3 confer risk for the development of Alzheimer’s disease
(Cruchaga et al., 2014) and may do so via altering the levels of
amyloidogenic peptides. However, a recent report using a mouse
model of PLD3 has suggested that this may not be the mechanism
of action although interestingly, this study also reported defects in
the endo-lysosomal system in PLD3 mutants (Fazzari et al., 2017).
Coffin-Lowry syndrome is a very rare form of X-linked mental
retardation associated with growth and skeletal abnormalities1.
A mutation in the protein Ribosomal S6 kinase 2 (RSK2) has been
implicated as a cause of disease in some individuals with Coffin
Lowry syndrome. Interestingly and pertinent to the topic of this
review, phospholipase D has been reported to be phosphorylated
by RSK2 and analysis in neural cell lines has suggested that
this phosphorylation by RSK2 controls PLD1 activity and NGF
induced neurite outgrowth; this study has proposed that PA may
regulate vesicular transport in the growing neurite (Ammar et al.,
2013, 2015). It has also been reported that the mRNA encoding
diacylglycerol kinase kappa (DGKk) is one of the major RNA’s
associated with the Fragile-X mental retardation protein (FMRP)
in mouse cortical neurons (Tabet et al., 2016). Fragile X is the
commonest form of inherited intellectual disability in children.
Since the FMRP protein is thought to function by binding mRNA
molecules and regulating their translation, FMRP is expected to
control the levels of DGKk thereby tuning the switch of neurons
between DAG and PA signaling states; molecular evidence for
this was presented by Tabet et al. (2016) along with phenotypic
similarities between the Fmr1−/y mice and DGKk−/− mice. It
has been proposed that the switch between DAG and PA signaling
may work via alteration in vesicular transport within dendritic
spines (Moine and Vitale, 2019).

Cancer
A number of studies have reported that PLD expression and
activity are upregulated in a range of cancer types [(Bruntz
et al., 2014; Kang et al., 2014) and references therein]. In
genetically engineered mouse models, PLD1 can modulate tumor
progression (Chen et al., 2012; Kang et al., 2015) and similar
effects have been reported for PLD2 (Henkels et al., 2013; Wang
et al., 2017). Since PA is the key product of PLD activity, it is
possible that dysregulated PA signaling might contribute to one
or more steps of cancer initiation or progression. A number of
mechanisms are possible and some have been experimentally
tested: (i) Since altered receptor tyrosine kinase signaling is
a conserved feature of many cancers, it is possible that PA

1https://www.omim.org/entry/303600

generated by PLD might contribute to tumor progression by
propagating such signals (Henkels et al., 2013). In support of this
idea one study has mapped the production of PA by PLD2 in
relation to RTK signal transduction and shown its requirement
for maintaining such signaling (Zhang et al., 2014). (ii) PA
might contribute to the trafficking and secretion of factors that
promote tumor progression; a potential role for PA generated by
PLD2 in secretion of Type 1 Matrix metalloproteases, enzymes
that are implicated in metastasis, has recently been presented
(Wang et al., 2017). (iii) a third mechanism by which PA might
play a role in cancer biology is through its ability to bind
to and influence the mammalian target of rapamycin (mTOR)
(Fang et al., 2001; Toschi et al., 2009), a key regulator of
cell proliferation and growth. The source of PA that is sensed
by mTOR has been debated; it has been suggested that PA
generated by lipid synthesis rather than PLD/DGK signaling may
be a nutritional signal in cells for mTOR (Foster, 2013) and
experimental evidence to support this model has recently been
presented (Menon et al., 2017). De novo synthesized PA is likely to
contribute to membrane biogenesis and hence there are multiple
mechanisms by which PA may contribute to cancer via altered
membrane turnover.

Human Genetic Disorders
With the development of modern methods of Next Generation
Sequencing based genotyping, it has become possible to rapidly
sequence and identify potential pathogenic DNA sequence
variants in human genes of interest. In some cases, such variants
show clear genetic transmissibility and the inheritance of such
a variant can be clearly correlated with disease phenotype,
strengthening the evidence implicating such variants in disease
phenotypes. In the context of PA metabolizing enzymes, two
such mutations have been reported. In the case of the PLD1
gene, studies have implicated mutations in the PLD1 gene in
two families with congenital cardiac valvular defects (Ta-Shma
et al., 2017). These mutations segregate with disease phenotypes
and were assessed to have a functional impact through studies
in model organism systems. In addition, a pathogenic variant in
PLD3 that reduces PLD3 activity has been reported in a family
with spinocerebellar ataxia (van Dijk et al., 1995; Nibbeling et al.,
2017). Finally, mutations in DGKe have been reported to result
in hemolytic uremic syndrome (Nephrotic syndrome Type 7)
(Lemaire et al., 2013; Ozaltin et al., 2013). The cell biological
and molecular mechanism by which these mutations in PLD and
DGK lead to the phenotypes described in these human patients
remains to be elucidated.

In addition to the aforementioned studies on individual
human families with defined clinical features, variants in PLD1,
PLD2 and most DGK isoform genes have been linked in Genome
Wide Association Studies (GWAS) with a range of human
phenotypes including several diseases of the brain, autoimmune
diseases, physical traits such as body mass Index and metabolic
disorders. A catalog of these variations and the studies in which
they were analyzed can be found at https://www.ebi.ac.uk/gwas/.
Detailed analysis using experimental models will be required
to understand the specific roles of PA metabolizing enzymes
in these contexts.
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SUMMARY AND FUTURE DIRECTIONS

Although numerous studies have implicated PA in the regulation
of membrane transport and sub-cellular organization of
compartments in eukaryotes, until recently, there has been
limited progress in establishing the function of PA using model
systems in vivo. With the recent availability of new genetic
knockout models in multiple organisms including worms, flies,
zebrafish and mice, is should now be possible to perform
insightful studies into the function of PA in endogenous cell
types. Further, novel ways of measuring PA in cells using
fluorescent probes and mass spectrometry with the need for
radiolabeling should facilitate such analysis in vivo using these
genetic models. A number of key questions remain with respect
to the signaling functions of PA:(i) As a signaling lipid how is the
production and metabolism of PA coupled to ongoing cellular
changes by controlling the activity of enzymes that tune its levels
in cells? (ii) How does PA exert its effects on cells. Although
a number of PA binding proteins have been described, the
mechanisms by which it controls membrane transport remain
poorly understood. PA can also be metabolized to lyso-PA and
DAG both of whom may exert cellular effects by themselves

and it has also been proposed that due to its cone shape, PA
may also work independent of protein targets by altering local
membrane curvature. Biophysical and biochemical studies using
in vitro reconstitution will likely play a key role in answering
these questions. These open questions represent interesting areas
of analysis for the future. Finally, with the availability of high-
throughput methods of NGS sequencing it should be possible
to catalog variations in human PLD genes and link them to
interesting phenotypic outcomes in health and disease.
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Nutrient transporters are prominent and ubiquitous components of the plasma
membrane in all cell types. Their expression and regulation are tightly linked to the
cells’ needs. Environmental factors such as nutrient starvation or osmotic stress
prompt an acute remodeling of transporters and the plasma membrane to efficiently
maintain homeostasis in cell metabolism. Lateral confinement of nutrient transporters
through dynamic segregation within the plasma membrane has recently emerged as
an important phenomenon that facilitates spatiotemporal control of nutrient uptake
and metabolic regulation. Here, we review recent studies highlighting the mechanisms
connecting the function of amino acid permeases with their endocytic turnover and
lateral segregation within the plasma membrane. These findings indicate that actively
controlled lateral compartmentalization of plasma membrane components constitutes
an important level of regulation during acute cellular adaptations.

Keywords: plasma membrane, membrane domains, yeast, nutrient transporter, endocytosis

INTRODUCTION

Cells are constantly exposed to environmental fluctuations and thus require rapid adaptations
to sustain proper growth and survival. The plasma membrane (PM) constitutes the primary
cell boundary and therefore acts as initial site for stress recognition and signaling. The PM is
a highly dynamic structure that is compartmentalized in a complex manner. Various models
support the lateral segregation of PM lipids and proteins into distinct domains. The budding yeast
Saccharomyces cerevisiae represents a promising model system for the study of such segregation.
Both lipids and proteins of the yeast PM exhibit unusually slow lateral diffusion, and they form large
domains that can be studied by conventional light microscopy (Spira et al., 2012a). This allowed
the systematic study of a large set of integral PM proteins that revealed an intricate organization of
many overlapping domains into a PM patchwork (Spira et al., 2012b).

A critical environmental stress that cells constantly face is nutrient limitation. Starvation is
regulated at the PM through a tight remodeling of nutrient transporters, highly abundant and
conserved components of the PM in all cells. Transporter turnover in response to substrate
availability is modulated via two major mechanisms. On the one hand, increased transcription and
PM delivery of transporters occur when nutrients are scarce. TORC1 (target of rapamycin complex
1) acts as a central coordinator between protein synthesis, transporter delivery, and metabolic
state (Gonzalez and Hall, 2017). On the other hand, transcriptional repression and ubiquitin-
dependent internalization prevent excessive substrate uptake when nutrients are abundant. In
yeast, selective ubiquitination and downregulation of PM transporters are driven by the concerted
action of the E3 ubiquitin ligase Rsp5 and cargo-selective adaptors of the α-arrestin family
(Nikko and Pelham, 2009).
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Nutrient transporters at the yeast PM have been shown
to segregate into different compartments. Prominent examples
are the members of the major facilitator (MFS) and amino
acid-polyamine-organocation (APC) superfamilies of secondary
carriers (Reddy et al., 2012; Vastermark et al., 2014). Various
MFS transporters, including hexose and polyamine transporters,
distribute into dense, network-like patterns (Spira et al.,
2012b). On the other hand, several amino acid and nucleobase
transporters of the APC superfamily cluster into defined patches
(Malinska et al., 2003, 2004; Grossmann et al., 2007; Bianchi et al.,
2018; Busto et al., 2018). Interestingly, all clustered transporters
exhibit proton symport activity during substrate uptake. This is
particularly striking considering the spatial segregation of the
H+-symporters from the H+-ATPase Pma1 (Malinska et al.,
2003). This essential protein drives proton efflux to maintain
intracellular pH homeostasis and to generate an electrochemical
gradient that provides the basis for metabolite uptake into
cells. The segregation of proton-based activities has led to the
suggestion that membrane potential regulates lateral distribution
of proteins and lipids within the yeast PM (Grossmann et al.,
2007; Herman et al., 2015; Malinsky et al., 2016).

Understanding the biological implications behind distinct
PM distributions of nutrient transporters and the connection
between their function, turnover, and PM compartmentalization
has become of broad interest. In this review, we address
recent studies on yeast amino acid permeases that reveal their
dynamic segregation across different domains in response to
substrate availability. These studies show that lateral segregation
of transporters can provide protection from endocytic turnover.
They also reveal that PM distribution and turnover are regulated
via a combination of specific protein–lipid interactions and
changes in protein conformation that occur during substrate
transport. The emerging picture is that lateral PM segregation
provides an important and efficient regulatory level to ensure
coordination of biological function and turnover for a multitude
of nutrient transporters.

NUTRIENT TRANSPORTER
DISTRIBUTION AT THE PLASMA
MEMBRANE

Membrane transporters are ubiquitous components of cell
membranes and pivotal in supporting proper cell growth,
differentiation, and survival. Transporters can be classified into
three main classes: ion channels, primary transporters that mostly
use energy in the form of ATP (e.g., ABC transporters, ATPases),
and secondary transporters that use an electrochemical gradient
to transport a large variety of ions, nutrients (e.g., sugars, amino
acids, vitamins, nucleobases, peptides), or small molecules (Saier
et al., 2016). The majority of nutrient transporters are expressed
at the PM, and their expression levels are tightly regulated by
substrate availability. The mechanisms behind expression, PM
delivery, and endocytic turnover of nutrient transporters have
extensively been studied in budding yeast (Lin et al., 2008; Nikko
and Pelham, 2009; Loewith and Hall, 2011; Gonzalez and Hall,

2017). However, detailed knowledge on their dynamic lateral
segregation within the PM has only recently emerged.

In a systematic study, Spira et al. (2012b) described the
complex distribution of yeast PM proteins into numerous
overlapping but distinct patterns that ranged from branched
or network-like distributions to patches or clusters. The
patterns formed by 46 different proteins were resolved using a
combination of TIRF microscopy and 2D deconvolution. The
protein set included various nutrient transporters such as the
hexose uniporters Hxt1, 2, 3, 6, and the polyamine H+-antiporter
Tpo1 that all distributed into network-like patterns. These MFS
transporters contain 12 transmembrane domains (TMDs) and
are structurally organized as two repeat units of six TMDs
(Reddy et al., 2012).

The yeast arginine permease Can1 was the first permease
shown to cluster within a specific compartment at the PM
(Malinska et al., 2003), the correspondingly named “membrane
compartment occupied by Can1” or MCC. The uracil permease
Fur4 (Malinska et al., 2004), the tryptophan and tyrosine
permease Tat2 (Grossmann et al., 2007), the lysine permease
Lyp1 (Bianchi et al., 2018), and the methionine permease
Mup1 (Busto et al., 2018) have been shown to also cluster
within the MCC compartment. All five transporters are proton
symporters, belong to the APC superfamily, contain at least 12
TMDs, and follow a 5 + 5-fold structural organization with
two inverted repeats of five TMDs (Vastermark et al., 2014).
Aside from nutrient transporters, the MCC contains various
tetraspan proteins and surrounds membrane invaginations called
eisosomes that are stabilized by the cytosolic proteins Lsp1 and
Pil1. The MCC/eisosome domain has been shown to play a
role in sphingolipid (SL) homeostasis, cell wall morphogenesis,
and, most relevant for the present discussion, PM organization.
Recent studies using super-resolution microscopy confirmed
the partition of Can1 and Lyp1 into the outer edge of the
MCC/eisosome (Bianchi et al., 2018). A similar observation
was made for the methionine permease Mup1 (Figure 1)
(Busto et al., 2018).

But what drives particular nutrient transporters to cluster
within a specific PM compartment? Previous and recent data
converge in showing that clustering is driven by a combination
of two main factors: substrate-dependent changes in the
conformation of transporters and weak interactions with various
proteins and lipids within the established PM domain.

DYNAMIC LATERAL RELOCATION
THROUGH A CONFORMATIONAL
SWITCH

Endocytic events at the yeast PM have been shown to be excluded
from the MCC/eisosome compartment (Grossmann et al., 2008;
Brach et al., 2011). As many transporters that cluster in the MCC
undergo substrate-dependent endocytosis (Nikko and Pelham,
2009), this would suggest prior relocation out of the MCC.
Two independent studies on different nutrient transporters
have recently demonstrated this behavior and shed light on
the mechanisms underlying such controlled lateral relocation
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FIGURE 1 | Model of PM amino acid transporter regulation in yeast. (A) Amino acid transporters, generally proton symporters, accumulate at the membrane
compartment occupied by Can1 (MCC) during substrate starvation. The MCC represents the edge area of PM furrows (also termed eisosome). Clustering of
permeases depends on sphingolipids (SL), the tetraspan protein Nce102, and TORC2 signaling. Clustered transporters adopt an open (outward facing)
conformation. (B) Substrate transport triggers a conformational switch to a closed (inward facing) conformation. This switch is linked to lateral relocation of the
transporters out of the MCC (dotted arrow) into a unique PM area that is distinct from that occupied by the H+-ATPase Pma1 (MCP). The conformational switch and
lateral relocation precede transporter ubiquitination. Ubiquitinated transporters then act as a molecular beacon for the recruitment of the endocytic machinery.
Fluorescent images (TIRF) have been adapted from Busto et al. (2018) and represent composites of a ubiquitination-deficient mutant of the methionine permease
Mup1 (Mup1-2KR, green) and the eisosomal core component Pil1 (red). Mup1-2KR clusters within the MCC in the absence of methionine (left, colocalization with
Pil1 in yellow patches) and relocates out of MCC clusters upon substrate addition.

(Busto et al., 2018; Gournas et al., 2018). Busto et al. (2018)
showed that, upon substrate uptake, the methionine permease
Mup1 undergoes rapid lateral relocation from the MCC into
a unique network-like domain at the PM. Lateral relocation
occurred rapidly after methionine transport and was independent
of ubiquitination and reversible upon substrate washout (Busto
et al., 2018). In a remarkable parallel, Gournas et al. (2018)
described a nearly identical mechanism for Can1 upon control
of the arginine supply. Both studies conclude that a change in
the conformational state of the transporters directly controls
their lateral segregation within the PM. In the absence of
substrate, the transporters are stabilized in an open or outward-
facing (OF) conformation that favors MCC association. During
substrate transport the permeases shift to a closed or inward-
facing (IF) conformation, which drives their lateral relocation out
of the clusters (see Figure 1).

More specifically, Gournas et al. (2018) showed that the Can1
S176N mutant, which binds arginine but is locked in the OF
conformation (Ghaddar et al., 2014), remains clustered upon
substrate addition. In contrast, the inactive Can1 E184Q mutant
that is stabilized in the IF conformation is no longer able to
cluster in the MCC, even in substrate-free media (Gournas
et al., 2018). The case of Mup1 is of particular interest as
it is the only yeast amino acid permease that belongs to the
L-type amino acid transporters (LAT), a subgroup within the
APC superfamily of transporters that has a large number of

mammalian members, including the tumor-associated LAT1
(Zhao et al., 2015). One notable feature is a loop in the cytosolic
carboxy-terminus of Mup1. Its predicted structure resembles that
of a “plug” in the bacterial glutamate-GABA antiporter GadC.
Surprisingly, this plug has been shown to insert into the core
of GadC and to facilitate a conformational transition during
substrate transport (Ma et al., 2012). Consistently, truncation
of the C-terminal plug in Mup1 led to Mup1 stabilization
within MCC clusters regardless of substrate presence. In contrast,
mutation of a conserved motif within the tip of the plug abolished
any detectable clustering. Thus, the data clearly support a link
between lateral PM segregation of Mup1 and its conformational
state, with a key role for the C-terminal plug during the proposed
structural switch.

Interestingly, the structural transition to an IF conformation
has been proposed to also mediate release of the cytosolic amino-
termini, which is crucial for transporter ubiquitination. Recent
studies have shown that displacement of the N-terminus in
Can1 (Gournas et al., 2017) and Mup1 (Guiney et al., 2016)
unmasks PM proximal sequences that are recognized by the
α-arrestin Art1 in a first step of transporter ubiquitination and
subsequent internalization. However, proper Art1 binding to
Mup1 has been shown to require additional recognition sites
(Guiney et al., 2016). The C-terminal plug may constitute that
additional site. This would then suggest an active role of both
cytosolic termini in the conformational switch and in lateral
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relocation of Mup1. Similar structural rearrangements of the
C-terminus upon substrate uptake have been proposed for the
abovementioned GadC (Ma et al., 2012) and for the bacterial
proton-coupled xylose permease XylE (Wisedchaisri et al.,
2014). In addition, C-terminal motifs have been documented
to influence transporter activity and structure in Hup1, a
heterologously expressed hexose/H+-symporter from the green
alga Chlorella kessleri (Grassl et al., 2000). These findings suggest
that common mechanisms and principles might apply to the
regulation of transporters in various cells and organisms.

A distinct aspect connecting protein conformation and lateral
transporter segregation has recently been put forward (Moharir
et al., 2018). Most nutrient transporters that concentrate within
MCC clusters are not fully restricted to this domain but can also
be observed to various degrees in dispersed networks (Busto et al.,
2018; Gournas et al., 2018; Moharir et al., 2018). This suggests
a dynamic equilibrium between clustered and non-clustered
transporter pools (Brach et al., 2011; Busto et al., 2018; Gournas
et al., 2018; Moharir et al., 2018). For the uracil transporter
Fur4, it was proposed that the clustered pool within the MCC
is kept inactive due to restricted movement in the dense MCC
environment. When substrate becomes available, only the non-
clustered Fur4 pool would be able to undergo the conformational
changes required for substrate uptake. The conformational switch
then, in turn, would prevent the transporter from entering the
MCC, shifting the equilibrium to the non-clustered PM area.
This hypothesis partially contradicts the results with Can1 and
Mup1 (Busto et al., 2018; Gournas et al., 2018), which show fully
functional uptake of methionine and arginine by transporters
that were forced to localize to the MCC domain. Nonetheless,
the three studies jointly highlight an active role of conformational
states for transporter clustering.

CELLULAR REGULATION OF NUTRIENT
TRANSPORTER CLUSTERING

Lateral segregation of nutrient transporters not only depends on
conformational changes during the transport process but also
is tightly linked to the local PM composition. One prominent
factor regulating MCC integrity is the lipid composition of
the PM, in particular SLs. SL homeostasis has been proposed
to affect MCC composition (Frohlich et al., 2009). Complete
inhibition of SL synthesis and selective depletion of complex
SLs abolishes Mup1 and Can1 clustering. Both permeases
dissociate from the MCC during SL stress. This reorganization
is independent of substrate binding and restored by recovery of
SL levels (Busto et al., 2018; Gournas et al., 2018). In addition,
interfering with yeast sterol biosynthesis also led to reduced
clustering of the plant hexose/H+-symporter Hup1 within the
MCC (Grossmann et al., 2006). In a separate study, the same
authors showed that MCC integrity was regulated by the PM-
resident tetraspan protein Nce102 (Grossmann et al., 2008),
with deletion of NCE102 leading to reduced Can1 and Fur4
clustering. Nce102 was later found to act as a general sensor
for SL stress and to regulate Pil1 phosphorylation and stability
via modulation of Pkh kinase activity (Frohlich et al., 2009).

Importantly, a more direct role for Nce102 in clustering of
Mup1 and Can1 has been recently advanced. In conditions where
Pil1 phosphorylation and, therefore, MCC/eisosome disassembly
were prevented, deletion of NCE102 still led to a reduction in
permease clustering (Busto et al., 2018; Gournas et al., 2018).
This effect was much more prominent for Mup1, which also
exhibits much stronger enrichment in MCC clusters to begin
with (Busto et al., 2018). Importantly, both studies showed that
dispersion of transporters upon SL inhibition occurred even
in cells where Nce102 was anchored to MCC clusters either
artificially (Gournas et al., 2018) or because it was unaffected by
SL stress in methionine-free medium (Busto et al., 2018). The
results therefore indicate that lateral segregation of permeases
requires a combination of Nce102 and correct lipid composition
in the MCC domain.

Signaling through the target of rapamycin complex 2
(TORC2) has been clearly linked to PM organization (Eltschinger
and Loewith, 2016). TORC2 localizes to the PM as defined static
patches that are segregated from other described PM domains
(Berchtold and Walther, 2009). It coordinates actin organization
and endocytosis (Rispal et al., 2015) and is a central regulator of
SL homeostasis (Berchtold et al., 2012). The recent description
of a rapamycin-sensitive TORC2 mutant (Gaubitz et al., 2015)
provides an important tool to specifically study its role in PM
organization. Noticeably, clustering of Mup1 was regulated by
TORC2, as acute TORC2 inhibition by rapamycin led to a strong
and rapid reduction in Mup1 clustering (Busto et al., 2018).
Concomitantly, an almost complete Nce102 dispersion from the
MCC was observed. TORC2 might therefore constitute a central
regulator for permease segregation in the PM by simultaneously
regulating distribution of tetraspan proteins such as Nce102 and
maintaining proper SL homeostasis.

A LINK BETWEEN PLASMA MEMBRANE
SEGREGATION AND THE MEMBRANE
POTENTIAL

Under low substrate availability, various proton symporters
concentrate on static MCC clusters at the yeast PM. These
clusters are spatially segregated from the H+-ATPase Pma1,
which couples ATP hydrolysis to proton efflux. Using a variety
of approaches to perturb membrane potential and the PM proton
gradient, Grossmann et al. (2007) demonstrated that the proton
symporters, but not the structural MCC resident Sur7, reversibly
relocate out of the MCC in response to membrane depolarization.
This was shown for Can1, Fur4, Tat2, and, most interestingly, the
heterologously expressed Hup1. The authors then proposed that
clustering of proton symporters could directly be linked to the
activity of Pma1 and highlighted a role of the membrane potential
in the lateral compartmentalization of PM domains. Hup1
belongs to the MFS superfamily, while yeast permeases are APC
transporters. The common denominator for MCC clustering and
membrane potential-mediated relocalization seems to therefore
not reside within the intrinsic transporter structure but rather in
their proton symport activity.
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Remarkably, forced relocation of Mup1 and Can1 from MCC
clusters to the Pma1-enriched compartment strongly inhibited
the respective substrate uptake (Spira et al., 2012b; Busto et al.,
2018). In contrast, MCC disassembly upon depletion of Pil1
with subsequent loss of permease clustering did not affect the
transport activity (Busto et al., 2018; Gournas et al., 2018).
This suggests that the Pma1 domain has an inhibitory effect on
symporter activity, rather than the MCC environment having
a stimulatory function. Together, the data suggest that the
Pma1 domain constitutes a physicochemical environment that is
harmful for proton symporters and that lateral segregation may
be an efficient way to separate the generation and utilization of
the electrochemical gradient across the PM (Figure 1). Future
analysis in different cellular systems will have to show whether
this is a fundamental feature that also holds true for proton
gradients in plants or Na+–K+ gradients in animal cells.

INTERPLAY BETWEEN LATERAL
SEGREGATION OF NUTRIENT
TRANSPORTERS AND ENDOCYTIC
TURNOVER

Lateral confinement of nutrient transporters and specifically of
proton symporters in yeast not only impacts nutrient uptake but
also is intimately linked to endocytic recycling and degradation
of the transporters. A physiological role of the MCC as protective
area from endocytosis was proposed earlier (Grossmann et al.,
2008). However, while the absence of endocytosis within the
MCC was later confirmed (Brach et al., 2011), the remaining
pool of MCC-associated Can1 after substrate addition questioned
an active role of the MCC in endocytic regulation (Brach et al.,
2011). The recent studies add further details to the consequences
of transporter clustering on endocytic recycling. For both Mup1
and Can1, clustering and substrate-induced lateral relocation
are ubiquitination-independent processes (Busto et al., 2018;
Gournas et al., 2018). Importantly, forced retention of the
transporters within the MCC patches does not prevent substrate
uptake – i.e., the required conformational shifts – but completely
precludes transporter endocytosis. In addition, ubiquitination
of Can1 was already blocked when the transporter was
physically tethered to the MCC via an artificial anchor (Gournas
et al., 2018). MCC disassembly restored Mup1 and Can1
endocytosis, including that of a constitutively clustered Mup1-
ubiquitin fusion. The results therefore indicate that clustering of
transporters in the MCC compartment provides protection from
both ubiquitination and endocytosis.

Why would a cell need areas on the PM where proteins cannot
be internalized? Possible physiological scenarios where this
becomes highly relevant are systematic cell stress (temperature,
salt) or acute starvation. In these conditions, cells will actively
remove proteins and lipids from the PM to gain metabolic
building blocks and reduce energy consumption (particularly
by the H+ pump). Such a global downregulation can occur
by autophagy (Boya et al., 2013) or widespread ubiquitin-
mediated endocytosis (Muller et al., 2015; Huber and Teis, 2016).

Importantly, cells still need to be able to sense nutrients even in
an adapted or depleted state. Therefore, a small population of
nutrient transporters retained in the PM would pose a significant
advantage. Exactly such a role for the MCC in providing a
safe haven under acute starvation conditions has been proposed
for Can1 (Gournas et al., 2018). The authors showed that
upon general amino acid starvation and in stationary phase,
the number and surface area of MCC clusters were increased,
providing a protected reservoir for transporters during a global
TORC-mediated removal of PM proteins.

While clustering of transporters is an efficient way to regulate
global turnover, it is not sufficient to explain the metabolic
fine-tuning that cells can perform in response to availability
fluctuations of individual substrates. Clustering is a dynamic
process and there will always be a large portion of PM
proteins outside of the MCC domain. An important question
for specific regulation of transporter abundance is therefore
how internalization can be focused on one particular cargo.
The recent finding of substrate-induced assembly of endocytic
structures (Busto et al., 2018) could provide the required link.
It was shown that ubiquitinated Mup1, once relocated outside
of the MCC, acts as a molecular beacon for recruitment of
the endocytic machinery and subsequent internalization. These
endocytic sites are clearly segregated from the area containing
Pma1 and likely also do not include unrelated transporters that
are partially present in the internalized PM region (Figure 1).
The combination of conformation-mediated lateral relocation
and cargo-dependent assembly of endocytic coats could provide
a good pathway for specific adjustment of PM composition and
cellular metabolic activity.

The recent studies on turnover of yeast nutrient transporters
provide general insights into a role of lateral PM segregation
for compartmentalization of biological functions. However, the
molecular details of the PM regulation of nutrient transporters
are far from being fully understood. Future experiments
attempting to directly visualize PM lipid distribution during
transporter activation and lateral relocation could help to better
assess the nature of the molecular interactions behind transporter
segregation. Such experiments will help to untangle the
respective roles of protein–lipid vs. protein–protein interactions
for dynamic cluster formation. Furthermore, isolation and
quantitative analysis of endocytic vesicles during substrate-
induced transporter turnover will provide a more comprehensive
picture of the molecular composition of endocytic PM areas.
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Biometals such as iron, copper, potassium, and zinc are essential regulatory elements
of several biological processes. The homeostasis of biometals is often affected
in age-related pathologies. Notably, impaired iron metabolism has been linked to
several neurodegenerative disorders. Autophagy, an intracellular degradative process
dependent on the lysosomes, is involved in the regulation of ferritin and iron
levels. Impaired autophagy has been associated with normal pathological aging,
and neurodegeneration. Non-mammalian model organisms such as Drosophila have
proven to be appropriate for the investigation of age-related pathologies. Here, we
show that ferritin is expressed in adult Drosophila brain and that iron and holoferritin
accumulate with aging. At whole-brain level we found no direct relationship between
the accumulation of holoferritin and a deficit in autophagy in aged Drosophila brain.
However, synchrotron X-ray spectromicroscopy revealed an additional spectral feature
in the iron-richest region of autophagy-deficient fly brains, consistent with iron–sulfur.
This potentially arises from iron–sulfur clusters associated with altered mitochondrial
iron homeostasis.

Keywords: aging, autophagy, brain, Drosophila, ferritin, iron, synchrotron X-ray fluorescence microscopy

INTRODUCTION

Iron is an essential biometal, widely used as a cofactor by a variety of proteins. Imbalance in
iron metabolism, where either a deficiency or excess of iron may have harmful effects, and
impaired iron metabolism may be modulators of neurodegeneration in several genetic or sporadic
neurodegenerative disorders, such as Alzheimer’s disease, Parkinson’s disease, Huntington’s disease,
amyotrophic lateral sclerosis, and multiple sclerosis (Ward et al., 2014; Angelova and Brown, 2015;
Biasiotto et al., 2016).

Ferritin is a universal iron storage protein. Two types of subunits, the heavy (H) and light (L)
chains, assemble in different ratios into 24-subunit heteropolymers, in which iron can be stored
in a mineralized form. Expression of both H and L ferritin chains are closely related to iron bio-
availability (Gray and Hentze, 1994). Like in mammals, Drosophila genome encodes two types
of subunits, known as heavy-chain homolog (Fer1HCH) and light-chain homolog (Fer2LCH)
(Georgieva et al., 2002; Nichol et al., 2002; Hamburger et al., 2005). A mitochondrial ferritin subunit
was lately identified in both mammals and insects (Levi et al., 2001; Missirlis et al., 2006). On the
contrary to other ferritins, mitochondrial ferritin assembles as homopolymers (Levi et al., 2001).
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When cells exhibit an iron deficiency, iron can be released
from the ferritin. However, an excess of free iron may cause
substantial damage to lipids, DNA, and proteins through the
generation of highly reactive hydroxyl radicals (Zecca et al.,
2004b; Angelova and Brown, 2015). Therefore, strict regulation
of iron storage is essential to maintain cellular homeostasis
and integrity. Drosophila has been successfully used as a model
to evaluate the impact of iron storage deregulation on cell
physiology and animal behavior. Notably, iron metabolism has
been linked to circadian rhythms (Freeman et al., 2013; Rudisill
et al., 2019), the autosomal recessive disease Friedreich’s ataxia
(Navarro et al., 2015; Soriano et al., 2016), neurodegenerative
diseases and age-associated defects (Xun et al., 2008; Rival et al.,
2009; Kosmidis et al., 2011, 2014; Tang and Zhou, 2013).

Cells use two main cytosolic degradative processes: the
ubiquitin-proteasome pathway (UPS) and the autophagy-
lysosomal pathway. While the UPS is specialized in the
degradation of monomeric, short-lived proteins; autophagy has
the potency to degrade large protein complexes and organelles
(Korolchuk et al., 2010; Nam et al., 2017). Autophagy is
divided into three different processes that differ by the way
substrates are being delivered to the lysosome for degradation.
Chaperone-mediated autophagy and microautophagy are defined
by their ability to transfer proteins directly to the lysosomes
through pores or membrane invagination respectively (Tekirdag
and Cuervo, 2017). However, macroautophagy (referred to as
autophagy) requires the isolation of cytoplasmic content into
double-membraned autophagosomes that eventually fuse with
the lysosomes (Yin et al., 2016). The molecular components
involved in autophagy progression are highly conserved among
Eukaryotes and most of these proteins have orthologs in
Drosophila (Mulakkal et al., 2014; Bhattacharjee et al., 2019). The
complexes of Atg (Autophagy) proteins regulating the formation
of autophagosomes are well-conserved and characterized.
One essential component of this machinery is the protein
Atg8a (LC3 in mammals), which is cleaved and lipidated
before anchoring into the autophagosomal membrane (Nagy
et al., 2015). Atg8a is essential to the recruitment of other
components of the autophagic machinery, as well as for the
selection of receptors and their cargoes for selective degradation
(Alemu et al., 2012; Wild et al., 2014; Schaaf et al., 2016).
The best known selective cargo receptor in Drosophila is
Ref(2)P (homologous to mammalian p62/SQSTM1) (Nezis
et al., 2008; De Castro et al., 2013; Bartlett et al., 2014;
Nagy et al., 2014). Selective autophagy can also contribute
to the regulation of ferritin turnover (Hou et al., 2016;
Gatica et al., 2018). The selective degradation of ferritin
by autophagy is referred to as ferritinophagy and requires
the cargo receptor NCOA4 in mammals (Mancias et al.,
2014, 2015); no homologous receptor has been yet identified
in Drosophila.

It has been extensively shown that autophagy declines
during aging. Indeed, essential autophagy genes are
transcriptionally down-regulated during healthy aging
(Lipinski et al., 2010; Schultz et al., 2013; Omata et al.,
2014). Accumulation of damaged proteins and organelles
also constitutes a hallmark of numerous age-associated

neurodegenerative disorders (Nixon, 2017; Colacurcio
et al., 2018). Alteration of autophagy has been identified
as an early onset feature in Alzheimer’s disease-affected
neurons (Zare-Shahabadi et al., 2015). However, the
interplay between autophagy, iron and neurodegeneration
is poorly understood.

In the present study, we used the model organism Drosophila
melanogaster to investigate the effect of aging and autophagy
disruption on the load of iron in the brain. We show
that iron and holoferritin (where ferritin – Fer1HCH and
Fer2LCH heteropolymer – protein surrounds an iron oxide
core) accumulate in the brain from old flies regardless of their
autophagy status, suggesting that autophagy is not essential to
regulate total iron levels in the Drosophila brain. The spectrum
of iron phases present is unchanged within the limits of
detection for wild-type as a function of aging, but there is
evidence of a distinct iron fraction in the autophagy-deficient fly
brain, consistent with a proportional elevation in an iron–sulfur
phase. This may, in turn, indicate disrupted mitochondrial iron
homeostasis (Rouault and Tong, 2005).

MATERIALS AND METHODS

Drosophila Stocks and Maintenance
Flies were maintained on standard yeast-cornmeal medium at
25◦C, 70% humidity with a 12 h light-dark cycle. The following
fly strains were used: wild-type w1118 (BDRC #3605), Atg8a-
deficient Atg8aKG07569 (gift from Dr. Gabor Juhasz), Atg7-
deficient Atg7177 and Atg7114/CyO (Juhasz et al., 2007) (gift
from Dr. Gabor Juhasz), Fer1HCHG188/TM3 (DGRC #110-620;
this line encodes a GFP-tagged version of the Fer1HCH subunit)
(Missirlis et al., 2007), hml(delta)-GAL4 UAS-eGFP (BDRC #
30140) and hml(delta)-GAL4 UAS-eGFP UAS-hid/CyO (gift from
Dr. François Leulier). For the generation of Atg7-deficient flies,
virgin females Atg7114/CyO were crossed with males Atg7177

and the progeny lacking balancer chromosome was collected
after hatching. Stocks were backcrossed to w1118 to isogenise the
genetic background.

Aging and Lifespan Measurement
For all experiments, age-matched adult male flies were used.
Flies were collected within 24 h of hatching and aged in cohorts
of 20 individuals. Flies were transferred every 2–3 days on
fresh medium until collection after 1 week, 1 or 2 months.
Because of their shorter lifespan, old autophagy-deficient flies
were collected at 1 month.

Generation of Hemizygous
GFP-Fer1HCH Expressing Flies
Homozygous virgin females wild-type (w1118) or
autophagy-deficient (Atg8aKG07569) were crossed with males
Fer1HCHG188/TM3. From the progeny, only hemizygous males
w1118/Y; Fer1HCHG188/+ and Atg8aKG07569/Y; Fer1HCHG188/+
were collected, and aged or fed as mentioned where appropriate
in the figure legends.
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Feeding With Iron or
Bortezomib-Supplemented Diets
Adult males were selected within 24 h from hatching and placed
onto Nutri-Fly Instant Drosophila Medium (Genesee Scientific,
66–117) prepared in water supplemented with 1 mM FAC (ferric
ammonium citrate) or 20 mM bortezomib in DMSO (#2204 Cell
Signaling Technology). Flies were flipped onto freshly made food
every day for 5 days. The same diet without FAC or with 0.002%
DMSO were used as respective control for regular diets.

Protein Extraction From Adult Drosophila
Heads and Bodies
Age-matched adult males were flash frozen in liquid nitrogen.
Flies were decapitated by short burst vortexing in 15 mL tubes.
Heads, bodies, and appendices were separated using sieves (no.
25 and no. 40) chilled with liquid nitrogen beforehand. Heads
were collected in microcentrifuge tubes and homogenized in
ice-cold lysis buffer (20 mM Tris pH 7.5, 137 mM NaCl,
1% Triton X-100, 1% glycerol) supplemented with complete
protease inhibitor cocktail (cOmpleteTM, Mini, EDTA-free
Protease Inhibitor Cocktail; Sigma-Aldrich, 04693159001 Roche)
and 50 mM N-ethylmaleimide (Sigma-Aldrich, E3876). Protein
concentrations were determined using Bradford assay.

Hemocyte Ablation
The cell-specific ablation of mature hemocytes was performed
by crossing virgin females Fer1HCHG188/TM3 with males
hml(delta)-GAL4 UAS-eGFP UAS-hid/CyO. As a control, virgin
females Fer1HCHG188/TM3 were crossed with males hml(delta)-
GAL4 UAS-eGFP/CyO. From the progeny, adult flies lacking the
balancer chromosomes were selected and aged for 5 days onto
regular diet before collection of their hemolymph.

Hemolymph Collection
Immediately before hemolymph collection, anesthetized flies
were surface sterilized by dipping them briefly in 70% ethanol.
Excess ethanol was blotted off on filter paper. Flies were
punctured with a tungsten needle in their thorax and immediately
placed in a collection tube on ice. Collection tubes were made by
piercing through the bottom of a 0.5 mL centrifuge tube with a
25G needle and placing it into a 1.5 mL centrifuge tube. A total
of 40 punctured flies per genotype were pooled per collection
tube. Hemolymph was isolated by centrifugation at 5000 rpm for
5 min at 4◦C. Collected hemolymph samples were then diluted in
Laemmli loading buffer and heated for 5 min at 95◦C.

In gel Iron Staining
Protein extracts were prepared in 2x concentrated non-
denaturing/non-reducing loading buffer (62.5 mM Tris-HCl pH
6.8, 25% glycerol, 1% bromophenol blue). Protein concentrations
were determined using Bradford assay; 20 µg of total protein for
each sample was separated on 6% native-PAGE gel in ice-cold
running buffer (25 mM Tris, 192 mM glycine) after pre-run of
the gel for 30 min at 100 V. Following protein separation, the
gel was stained for 48 h with Prussian blue staining solution
(10% K4Fe(CN)6, 350 mM HCl) at room temperature with gentle

agitation. After washes in ultrapure water, holoferritin was visible
as blue bands. All the glassware and tanks were acid-rinsed (1%
HCl in ultrapure water) and left to air dry before use.

Western Blotting and Antibodies
Protein extracts were prepared in Laemmli loading buffer
containing 2.5% beta-mercaptoethanol (except for experiment
in non-reducing condition where no beta-mercaptoethanol
was added) and heated for 5 min at 95◦C before separation
of 20 µg total proteins on 8 or 12% SDS-PAGE gels.
Separated proteins were transferred onto nitrocellulose or
PVDF membranes. The membranes were blocked in TBS
(Tris-buffered saline; 50 mM Tris-Cl, pH 7.6, 150 mM
NaCl), 0.1% Tween-20, 5% non-fat milk. The following
antibodies were used: anti-GFP (Santa Cruz sc-9996, 1:1,000),
anti-GABARAP/Atg8a (Cell Signaling Technology No. 13733,
1:2,000), anti-Ref(2)P (Abcam ab178440, 1:1,000), anti-β actin
(Abcam ab8227, 1:2,000), anti-α tubulin (Sigma-Aldrich T5168,
1:40,000), HRP-coupled secondary antibodies anti-rabbit and
anti-mouse (Thermo Scientific No. 31460 and 31450, 1:10,000).
Signals were developed using the ECL detection reagents
(Amersham, RPN2209).

Immunocytochemistry
Dissected brains from adult males Fer1HCHG188 were fixed for
30 min in 4% paraformaldehyde in 1x PBS (phosphate buffered
saline; 137 mM NaCl, 10 mM Phosphate, 2.7 mM KCl, pH
7.4). The brains were permeabilized for 1 h in permeabilization
buffer (0.1% Triton X-100, 0.3% BSA in PBS) before incubation
overnight at 4◦C with anti-Brp (DSHB, nc82 supernatant;
1:10 in permeabilization buffer) (Wagh et al., 2006) or anti-
Elav (DSHB, Elav-9F8A9 supernatant; 1:100 in permeabilization
buffer) (O’neill et al., 1994). Subsequent incubation with an
Alexa568-coupled secondary antibody (Sigma No. SAB4600082,
1:500) was conducted in permeabilization buffer for 2 h at
room temperature. Nuclei were stained with Hoechst 33342
(1 µg/mL in PBS). All washes were performed with 0.1% Triton
X-100 in PBS. Images were captured with a Zeiss LSM880
confocal microscope.

X-Ray Fluorescence Imaging and
Spectroscopy on Isolated Brains
Whole dissected brain from flies at the desired age were dissected
using tungsten-coated titanium tweezers in ultrapure deionized
water. Dissected brains were mounted onto ultralene film and
allow to air dry for a minimum of 2 h (nine brains per slide: three
brains per genotype/age).

Specimens were analyzed at the I18 Microfocus
Spectroscopy beamline at the Diamond Light Source in
Oxford, United Kingdom, using a pair of opposing Si detectors
to maximize recovery of the fluorescence emitted from the
ultralene-mounted samples. The focused beam was tuned to
10.5 keV, with a beam spot diameter of 60 µm for initial surveys
with microfocus X-ray Fluorescence (µXRF), and 20 µm for
mapping over the area of each intact brain. The method used
here is not as precise in determining absolute concentration
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as mass spectrometry imaging, but it is non-destructive
and highly sensitive to relative differences in concentration
between samples (Collingwood and Adams, 2017). Three to
nine intact brains were imaged at room temperature for each
group of flies. Detector position and acquisition times were
kept consistent throughout the experiment to facilitate the
subsequent comparative analysis. Subsequently, site-specific
X-ray Absorption Near Edge Spectroscopy with a microfocused
beam (µXANES) analysis was performed at the iron K-edge,
using the 20 µm diameter beam to acquire a spectrum from
the iron-richest region in the central brain from each fly, where
the region of interest (ROI) was confirmed using the µXRF
intensity image for iron. The absorption edge position in energy
was calibrated with reference to an iron foil spectrum obtained
during the same experiment, with alignment and removal of
background being performed using the established workflow
in the IFEFFIT Athena software package for XAFS analysis
(Ravel and Newville, 2005).

Genomic DNA Extraction and PCR
Genomic DNA (gDNA) from 15 flies per genotype was extracted
using DNeasy Blood and Tissues Kit (Qiagen 69504). PCR
amplifications were conducted on 100 ng of gDNA with
DreamTaq Green PCR Master Mix (Thermo Scientific K1081) in
a Bio-Rad T100 thermal cycler. Samples were loaded on 1% (w/v)
agarose gel in 1x TAE (40 mM Tris-base, 20 mM acetic acid, 1 mM
EDTA pH 8.0). GelRed (VWR 41003) was used to stain nuclei
acids. Primer sequences are listed in Table 1.

RNA Extraction and Real Time
(RT)-qPCR
Total RNA extraction was performed on adult males using
the PureLinkTM RNA Mini kit (Life Technologies Ambion)
according to the manufacturer protocol. For all subsequent steps,
1 µg of RNA was used for each condition. Genomic DNA
were digested out using DNase I (Thermo Scientific K1622).
Synthesis of cDNA was done using the RevertAid Kit (Thermo
Scientific K1622). Relative quantitation of gene expression was
performed in an Agilent MxPro4005P qPCR system using the

GoTaq qPCR Master Mix (Promega A6002). Primer sequences
are listed in Table 1.

RESULTS

Ferritin Is Expressed in Adult Drosophila
Brain
It has been previously shown that ferritin is expressed in
various tissues in Drosophila. The protein expression of a
GFP-knock-in mutant for fer1hch has been used to show the
localization of Fer1HCH protein in different tissues and organs,
including the larval brain where it accumulates primarily in
the optic lobes and notochord (Georgieva et al., 2002; Mehta
et al., 2009). However, no information is readily available
concerning the localization of the GFP-Fer1HCH in adult fly
brain. To evaluate the expression of GFP-Fer1HCH in the
head of adult flies, we performed western blot on lysates
from isolated heads and bodies from a fly strain expressing
GFP-tagged Fer1HCH due to the genomic insertion of GFP
between the first and second exons of the gene (Fer1HCHG188

flies) (Missirlis et al., 2007). Wild-type flies were used as a
negative control. As expected from previous studies, GFP-
Fer1HCH was detected in samples from both heads and
bodies (Figure 1A).

Drosophila ferritin is known to be secreted in the hemolymph,
which is analogous to vertebrates’ blood, and remains in direct
contact with tissues. In order to evaluate whether the GFP-
Fer1HCH protein we detected in Drosophila heads corresponds
to secreted or cytosolic ferritin, we extracted the hemolymph
from adult Fer1HCHG188 flies. As expected, GFP-Fer1HCH
strongly accumulates in the hemolymph, but also remains present
in the bodies after draining their hemolymph (Figure 1B).
It was shown that GFP-Fer1HCH accumulates in hemocytes
(Gonzalez-Morales et al., 2015). To make the distinction between
ferritin which is secreted in the hemolymph and expressed in the
hemocytes, we compare the level of GFP-Fer1HCH protein in the
hemolymph from flies lacking mature hemocytes (phagocytes)
and flies with a normal hemocytes pool (Figures 1C,D).
Tubulin was used as a marker for the successful ablation of

TABLE 1 | Primer sequences used in this study.

PCR primers

Hml1 forward CCAACAATTTCCGATTAGCCTAAC

GAL4 reverse CGATACAGTCAACTGTCTTTGACC

pUAST3′ AACCAAGTAAATCAACTGC

Hid reverse GAATGGTGTGGCATCATGTGC

EGFP reverse CTTGTAGTTGCCGTCGTCCTTGAA

RT-qPCR Forward primer sequences Reverse primer sequences

fer1hch TCTGATCAATGTGCCGACTG TGGTAGTGGTTGTAGGGCTTG

fer2lch GCCAGAACACTGTAATCACCG GGCTCAATATGGTCAATGCCA

Atg8a GGTCAGTTCTACTTCCTCATTCG GATGTTCCTGGTACAGGGAGC

Atg7 TCGTGGGCTGGGAGCTAAATA GGTTTACAGAGTTCTCAGCGAG

rp49 AAGAAGTTCCTGGTGCACAACGTG AATCTCCTTGCGCTTCTTGGAGGA
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FIGURE 1 | Ferritin heavy chain is expressed in adult Drosophila brain. (A–C)
Western blot analysis of GFP-Fer1HCH in reduced/denaturated protein
samples extracted from (A) fly heads or bodies; (B) hemolymph (Haemo) or
bodies drained from their hemolymph (Bodies); (C) hemolymph from flies
depleted (–) or not (+) of their phagocytes. (D) Gel electrophoresis on PCR
products from gDNA extracted from transgenic (transg.) flies used in (C),
gDNA from w1118 wild-type flies was used as negative control. (E,F) Confocal
imaging of an adult Drosophila brain expressing GFP-Fer1HCH (left panel,
green in merged panel) and stained for either (E) Bruchpilot (Brp) or (F) Elav
(middle panel, red in merged channel). For all the experiments, 1-week-old
adult males were used.

the phagocytes (Figure 1C) and the presence of the relevant
transgenes was validated by PCR on gDNA (Figure 1D).
We observed a moderate reduction of GFP-Fer1HCH in the
hemolymph from the flies lacking phagocytes, meaning that
most of the ferritin in the hemolymph corresponds to secreted
ferritin (Figure 1C).

To confirm that ferritin detected in the adult Drosophila
head comes mainly from the tissues rather than the
surrounding hemolymph, we used fluorescence microscopy
to establish the distribution of ferritin in Drosophila adult
brain. We observed that GFP-Fer1HCH is expressed in
the cell bodies surrounding the neuropil, marked using an
antibody against the presynaptic protein Bruchpilot (Brp)
(Wagh et al., 2006) (Figure 1E). The localization of GFP-
Fer1HCH also matches the expression of Elav, a neuron-specific
protein (Figure 1F).

Taken together, the above results show that ferritin heavy chain
is expressed in the brain of adult Drosophila fly and accumulates
in the neuronal cell bodies.

Decline of Autophagy Induces
Accumulation of High Molecular Weight
Ferritin Heavy Chain
Various studies have demonstrated that autophagy, which
declines with age, is implicated in the degradation of ferritin
and iron turnover (Asano et al., 2011; Mancias et al., 2014; Ott
et al., 2016). To evaluate whether autophagy and aging affect
the level of ferritin in adult Drosophila heads, we made use of
the GFP-Fer1HCH expressing flies. First, extracts from adult
heads of wild-type or Atg8a mutant males heterozygous for the
Fer1HCHG188 allele were analyzed. Atg8a mutant fly heads were
used as a negative control for GFP-Fer1HCH expression. Western
blots probed with anti-GFP antibody revealed the presence of a
band at the expected size of 50 kDa consistent with the fusion
of the 27 kDa GFP protein to the 23 kDa Fer1HCH chain
(Figure 2A). No noticeable difference was observed between
wild-type and autophagy mutant. However, 1-week old Atg8a
mutant fly head samples, but not young age-matched wild-
type, exhibited the accumulation of a higher molecular weight
band around 120 kDa (Figure 2A). Similarly, we noted the
presence of higher molecular weight bands in old (2-months old)
Fer1HCHG188 male fly heads that were not detected in young
(1-week old) wild-type flies (Figure 2B).

To test whether this high molecular weight ferritin in Atg8a
mutant and aged wild-type fly heads corresponds to aggregates,
we performed a differential detergent protein extraction (Nezis
et al., 2008; Simonsen et al., 2008; Jacomin and Nezis, 2019).
Soluble proteins from fly heads were first extracted in a 0.1%
Triton X-100 lysis buffer. The pellets, containing aggregated
proteins, were then broken down by sonication in a 2% SDS lysis
buffer. Samples were reduced and denaturated before separation
by SDS-PAGE. We observed that 50 kDa GFP-Fer1HCH is
predominantly located in the soluble fraction (Triton). High
molecular weight ferritin heavy chains were solely detected
in the soluble fraction and were excluded entirely from the
insoluble fraction (SDS) (Figure 2C). Some proteins can form
oligomers that can be identified using reduced and non-reduced
lysis condition. We compared the effect of reducing agent on
the formation of higher molecular weight GFP-Fer1HCH. Lysis
of wild-type and Atg8a mutant fly heads was performed in
lysis buffer supplemented with 50 mM N-ethylmaleimide to
prevent the formation of new disulfide bond during the lysis
procedures. Loading samples were then prepared by boiling
in SDS-loading buffer in the presence (reduced) or absence
(non-reduced) of 2.5% β-mercaptoethanol (Figure 2D). The
preparation of the samples from in non-reduced condition
had no effect on the accumulation of the high molecular
weight GFP-Fer1HCH which was consistently observed in 1-
week old autophagy mutant (but not age-matched wild-type)
fly heads samples. To evaluate the implication of the proteasome
in the clearance of ferritin, we have fed flies expressing GFP-
Fer1HCH with bortezomib – an inhibitor of the proteasome –
and looked at the accumulation of GFP-Fer1HCH high molecular
weight band; no significant effect was observed (Figure 2E).
The efficiency of bortezomib to block the proteasome was
checked by probing the membrane with an antibody against
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FIGURE 2 | Continued
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FIGURE 2 | Soluble high molecular weight heavy-chain ferritin accumulates in autophagy-deficient fly heads. (A,B) Western blot analysis of GFP-Fer1HCH after
samples reduction/denaturation in total protein lysates from (A) 1-week old wild-type (WT) and Atg8a mutant flies or (B) 1-week or 2-months old wild-type flies.
(C) Western blot analysis of GFP-Fer1HCH in soluble (Triton) and insoluble/aggregated (SDS) proteins fraction from 1-week old wild-type (WT) and Atg8a mutant fly
heads. (D) Western blot analysis of GFP-Fer1HCH in total protein lysates from 1-week old wild-type (WT) and Atg8a mutant fly heads prepared in either reduced or
non-reduced conditions before SDS-PAGE and western blotting. (E) Western blot analysis of GFP-Fer1HCH in total protein lysates from Fer1HCHG188 fly heads
after feeding for 6 days on 10 µM bortezomib or vehicles. Membranes were probed for GFP, Atg8a (A), ubiquitinated proteins (E); β-actin (A,C) or α-tubulin (B,D,E)
were used as loading control. Arrowheads show high molecular weight bands of GFP-Fer1HCH. The terms ‘short exp.’ and ‘long exp.’ refer to the duration of film
exposure on the membrane before developing. A longer exposure (long exp.) was necessary for the observation of the high molecular weight GFP-Fer1HCH which
are less abundant than 50 kDa GFP-Fer1HCH.

FIGURE 3 | Holoferritin accumulation in fly head. (A) Lifespan of a 100 wild-type and Atg8a and Atg7 mutant flies reared in standard conditions. (B) In gel staining for
holoferritin in protein lysates from wild-type and Atg8a and Atg7 mutant flies fed on either normal diet or diet supplemented with 1 mM FAC. (C) Relative quantity of
holoferritin normalized to loading control. (D) Analysis by RT-qPCR of mRNA level for fer1hch, fer2lch, Atg8a, and Atg7 in flies fed on either normal or
FAC-supplemented diet. (E) In gel staining for holoferritin on protein lysates from wild-type (WT) Atg8a (8a) and Atg7 (7) mutant fly heads at 1-week, 1-month and
2-month old. (F) Relative quantity of holoferritin normalized to loading control. (G) Analysis by RT-qPCR of mRNA level for fer1hch, fer2lch, Atg8a, and Atg7 in aged
flies. The bar charts show mean ± SD. Statistical significance was determined using one-way ANOVA, ∗P < 0.05, ∗∗P < 0.01. Western blots on denaturated
samples were probed for Ref(2)P as an autophagy-deficiency control and α-tubulin as a loading control.
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FIGURE 4 | Quantification of iron in isolated Drosophila brain. (A) The total quantity of iron per whole fly brain was measured from complete brain images obtained
using µXRF at 20 µm resolution. Individual biological samples are shown as circles. Open circle data were acquired during a different experiment than close circle
data. Bar represents mean ± SD. Statistical significance was determined using one-way ANOVA; significant values are indicated above the bars, ∗∗∗P < 0.001.
(B) Correlation between the area of the brain in pixels (px) and the quantity of iron. Spearman’s rank correlation coefficient ρ = 0.3311. (C) Fe K-edge XANES from
Drosophila and ferritin standard, with spectra vertically offset for clarity. (D,E) Overlay of spectra shown in (C), focussing on the region where the spectra from Atg8a
and wild-type differ (arrowhead). (F) Linear combination fitting of Atg8a spectrum. The Atg8 spectrum was shown to be consistent with that of the wild-type model +
Fe(III) sulfate (Fe2(SO4)3), with a χ2 value of 0.01 obtained for the fit. All XANES spectra were subjected to an edge-step normalization and flattened using Athena
fitting software prior to fitting.
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ubiquitinated proteins, which accumulate when the proteasome
is blocked (Figure 2E).

Taken together, these results show that ferritin does not form
aggregates in Drosophila head when autophagy is impaired.

Holoferritin Is Not Affected in Autophagy
Mutant Fly Heads
It has been well-documented that iron bioavailability and ferritin
levels are correlated. We have verified that we can detect
changes in holoferritin in wild-type and autophagy-deficient
Drosophila by feeding adult flies on either normal diet or
on a diet supplemented in iron in the form of FAC. Flies
lacking either Atg8a or Atg7, two major regulators of autophagy,
were used as autophagy-deficient Drosophila. We performed
Prussian blue staining for holoferritin in protein samples from
whole adult flies separated on native-PAGE. As expected,
holoferritin accumulated in flies fed on iron-supplemented diet
(Figures 3B,C) and correlated with an increase in the mRNA
expression level of fer1hch and fer2lch, while Atg8a and Atg7
remained unchanged (Figure 3D).

We then performed in gel Prussian blue staining on protein
lysates prepared from wild-type or autophagy-deficient fly heads
collected from age-matched flies at 1-week, 1-month, or 2-
months old. Because of their significantly shorter lifespan,
samples from old Atg8a and Atg7 mutant flies were collected
at 1-month old only, solely wild-type samples were collected
at 2-month old (Figure 3A). We observed that holoferritin
accumulated in protein samples from heads isolated from
old flies, regardless of their autophagy-deficiency status. No
difference was observed in heads from young autophagy-deficient
flies when compared to age-matched wild-type (Figures 3E,F).
The quantity of holoferritin was normalized against α-tubulin,
used as a loading control, from the same samples separated by
SDS-PAGE after denaturation and reduction of the samples in
Laemmli loading buffer and boiling at 95◦C. Gene expression
of fer1hch and fer2lch, as well as Atg8a and Atg7, was accessed
by RT-qPCR. Wild-type and Atg7 mutant flies showed an
increased level in fer1hch and fer2lch as a result of their
respective aging, which correlated with the accumulation of
holoferritin, while no significant change was observed in
Atg8a mutants (Figure 3G). As expected, Atg8a expressing
is reduced in old wild-type flies (Simonsen et al., 2008;
Omata et al., 2014).

Altogether, these results suggest that the accumulation of
holoferritin during the course of aging in Drosophila head is
independent of autophagy.

Ferric Iron Accumulates in the Brain of
Aged Flies
X-ray fluorescence microscopy was previously demonstrated to
be a robust way to image and quantify biometals in the non-
mammalian model organisms, Drosophila and Caenorhabditis
elegans (Lye et al., 2011; Jones et al., 2015; Ganio et al., 2016).
Therefore, we used synchrotron µXRF imaging to measure the
concentration of iron in the brain of Drosophila. Elemental
maps were collected from whole brains dissected from young

and old wild-type flies and young autophagy-deficient flies
(Atg8a mutant). Three to nine entire brains per fly group were
imaged at 20 µm resolution, providing an excellent signal to
noise for the elements of interest. The data collected were used
to quantify and compare iron concentrations (ppm) between
each group. The quantification was done by first defining the
ROI encompassing each brain based on the iron distribution
map, and calculating the mass fraction for elements of interest
after subtraction of the background signal (accounting for
any background scatter reaching the detector, including any
signal from the ultralene). As the present study focuses on
iron, the other elements simultaneously acquired in the XRF
imaging merit further investigation and will be the subject
of future work. We observed that iron accumulated as a
function of aging in the wild-type and autophagy-deficient brains
(Figure 4A). Checking the relationship between the area mapped
and the total metal ion signal confirmed that there was no
correlation between the size of the brain and the amount of
iron as shown by the Spearman’s rank correlation coefficient
ρ = 0.3311 (Figure 4B).

In addition to determining the elemental distribution of
iron by µXRF, we performed site-specific microfocus X-ray
Absorption Near Edge Structure (µXANES) spectroscopy
analysis to obtain information about the dominant iron phase(s)
present in the central brain region where iron deposition was
the highest for each of the three groups. The µXANES spectra
from wild-type and autophagy deficient flies incorporate the
sum of contributions from the iron phases present at the
iron-richest region in the central brain, including signal from
the mineralized iron in holoferritin, typically a ferrihydrite-
like hydrated iron oxide (Collingwood and Telling, 2016); the
spectrum from the iron in purified horse spleen ferritin is
included for comparison (Figure 4C). The µXANES spectra
from these iron-rich sites in the 1-week and 2-months
old wild-type flies are indistinguishable in this experiment
(Figure 4D), whereas comparison of 1-week old wild-type and
Atg8a-deficient reveals an additional feature in the autophagy-
deficient fly at 7138 eV (Figure 4E). Linear combination
fitting was undertaken for the 1-week old Atg8a-deficient fly
spectrum using the 1-week wild-type spectrum and a range
of reference standards (including those measured recently at
the same beamline: iron metal reference foil, ferric sulfate,
ferric and ferrous chloride, ferric citrate, horse spleen ferritin,
previously-acquired iron nitride, and iron oxide standards
including ferrihydrite, magnetite, and wustite). The best fitting
result indicated that the feature can be well-accounted for
by including a ferric sulfate reference standard (Figure 4F),
suggesting that approximately 1/3 of the signal might be
attributed to iron–sulfur complexes, and 2/3 attributed to the
spectrum of iron phases found in the central brain of the wild-
type fly.

DISCUSSION

During the course of aging, the load of iron in the brain increases
significantly, possibly due to decreased efficiency of the iron
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homeostasis system. Neurodegenerative pathologies associated
with aging, such as Parkinson’s or Alzheimer’s diseases, have
previously been associated with changes in iron homeostasis
(Zecca et al., 2004a; Ward et al., 2014).

Our data corroborate previous studies of iron accumulation
in the brain during aging in Drosophila (Massie et al., 1985,
1993). However, it was surprising to observe that neither
iron nor ferritin heavy-chain levels are affected in autophagy-
deficient flies. Indeed, an increase in iron in those flies
was anticipated because of the recent studies pinpointing at
the impact of autophagy on iron mobilization and recycling
(Kurz et al., 2011; Mancias et al., 2014; Ott et al., 2016). The
lack of accumulation of iron and holoferritin in autophagy-
deficient flies at any age, matched to the age of wild-type
individuals, suggests that autophagy is either not required
or plays a minor role in the turnover of ferritin and iron
during the course of aging in Drosophila brain. A recent
study showed that lysosomal trafficking of ferritin could
be independent of macroautophagy (Goodwin et al., 2017).
Nonetheless, we noticed the presence of supernumerary GFP-
Fer1HCH bands in the heads of young Atg8a-deficient flies
while the main GFP-Fer1HCH band remained unchanged in
age-match wild-type fly heads. This high molecular weight
GFP-Fer1HCH probably corresponds to a non-functional
form of ferritin heavy-chain as there is no accumulation of
holoferritin in these flies as demonstrated by Prussian Blue
in gel staining and µXRF. Autophagy has been extensively
described for its role in the degradation of protein aggregates,
and ferritin has been shown to be degraded by autophagy
(Hyttinen et al., 2014; Mancias et al., 2014). However,
using a differential-detergent protein fractionation protocol,
we have observed that high molecular weight GFP-Fer1HCH
bands do not correspond to insoluble aggregates. A shift
in protein molecular weight could be associated with post-
translational modifications. A study has shown that both
ferritin subunits are ubiquitinated in muscles from a rat
model of Amyotrophic Lateral Sclerosis (Halon et al., 2010).
Ferritin has also been detected as being pupylated (prokaryotic
homolog of ubiquitination) in the bacterium Corynebacterium
glutamicum (Kuberl et al., 2016). Ferritin is also known to
be glycosylated in mammals and insects; notably, secreted
ferritin L has been shown to be N-glycosylated in culture
hepatocytes (Cragg et al., 1981; Ketola-Pirie, 1990; Ghosh et al.,
2004; Cohen et al., 2010). Therefore, it is possible that high
molecular weight Fer1HCH corresponds to a modified, soluble
form of the protein.

It was previously shown that iron storage increases
significantly with age in both mammals and insects (Massie
et al., 1985; Zecca et al., 2001). The control of ferritin subunit
synthesis frequently occurs at the translational level. Ferritin
mRNAs contain an iron-responsive element (IRE) in 5′ UTR
that can be recognized by iron regulatory proteins (IRPs).
Depending on iron availability, the translation of ferritin
subunits is modulated by the binding or releasing of the IRPs to
the mRNA (Gray and Hentze, 1994; Lind et al., 1998; Missirlis
et al., 2007). Interestingly, no noticeable increase in the quantity
of GFP-Fer1HCH with age was observed in the fly brain while

the iron levels and holoferritin levels were significantly increased.
Most of the studies aiming at elucidating the IRE/IRP-dependent
regulation of ferritin are based on supplementation of animal
food with iron or chelators. It is possible that such changes
in the diet have more drastic effects on the iron uptake by
the cells than that which would occur under physiological
conditions. It is also possible that intestinal ferritin is more prone
to transcriptional regulation as the gut is the first organ to be
affected by dietary iron.

The evidence for an additional minor peak at 7138 eV in
the iron absorption spectrum for autophagy deficient flies, but
not in wild-type, is consistent with signal contribution from
an iron–sulfur-rich material. The good fit achieved with the
inclusion of ferric sulfate does not exclude other possibilities;
we note that iron-phosphorus-containing material can also
exhibit a peak in this energy region. However, examination of
the XRF signal at the sites where the XANES spectra were
acquired indicate that sulfur was significantly more abundant
than phosphorus, and that while iron and sulfur levels at sites of
XANES acquisition were equivalent for wild-type and autophagy
mutant, the phosphorus level at the XANES site in the autophagy
deficient fly was lower (approximately 1/5th) of that measured in
wild-type. Therefore, it is more likely that the additional feature
in the autophagy mutant is associated with iron–sulfur than with
iron–phosphorus. Iron–sulfur clusters might account for this
signal, a ubiquitous class of metalloproteins involved in many
regulatory processes, including mitochondrial iron homeostasis
(Rouault and Tong, 2005).

In summary, we have shown that holoferritin accumulates
in the brain from old flies but not young Atg8a-deficient
flies, suggesting that macroautophagy is not a dominant
process in ferritin and iron turnover in the Drosophila adult
head. The origin of increased iron in the brain during
the course of aging in Drosophila brain remains unclear
but appears not to be related to, or sufficient to induce
the synthesis of, ferritin heavy-chain. In addition, our work
provides evidence of the feasibility to accurately detect variation
in biometal levels and distributions in intact isolated adult
Drosophila brain, thus opening new fields of investigation
for normal and pathological aging. Most neurodegenerative
diseases are linked to altered metabolism of biometals, including
iron, in the brain. Drosophila has been successfully used
as model for a broad range of neuropathologies. Further
studies combining those readily-available model strains with
synchrotron spectromicroscopy methods should contribute to
uncovering the relationships between disrupted metabolism of
biometals and neurodegeneration.
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Monensin Sensitive 1 (Mon1) is a component of the Mon1:Ccz1 complex that mediates
Rab5 to Rab7 conversion in eukaryotic cells by serving as a guanine nucleotide
exchange factor for Rab7 during vesicular trafficking. We find that Mon1 activity
modulates the complexity of Class IV dendritic arborization (da) neurons during larval
development. Loss of Mon1 function leads to an increase in arborization and complexity,
while increased expression, leads to reduced arborization. The ability of Mon1 to
influence dendritic development is possibly a function of its interactions with Rab
family GTPases that are central players in vesicular trafficking. Earlier, these GTPases,
specifically Rab1, Rab5, Rab10, and Rab11 have been shown to regulate dendritic
arborization. We have conducted genetic epistasis experiments, by modulating the
activity of Rab5, Rab7, and Rab11 in da neurons, in Mon1 mutants, and demonstrate
that the ability of Mon1 to regulate arborization is possibly due to its effect on
the recycling pathway. Dendritic branching is critical for proper connectivity and
physiological function of the neuron. An understanding of regulatory elements, such
as Mon1, as demonstrated in our study, is essential to understand neuronal function.

Keywords: flux, endocytic recycling, Rab conversion, epistasis, Class IV neuron

INTRODUCTION

Dendritic arbors are complex neuronal structures with distinct morphological features (Cajal, 1999;
Garcia-Lopez et al., 2010; Berry and Nedivi, 2017). During neuronal development, morphogenetic
processes that are not yet completely understood, lead to formation of arbors with defined size,
geometry, innervation, and tiling patterns. The dendritic tree structure is unique to a given neuronal
cell type and plays a fundamental role in establishing specific neuronal connectivity. An intrinsic
genetic program patterns the arbors using molecular processes that are distinct from those that
make axons. These are found to be dependent on both, internal as well as external cues (Parrish
et al., 2007; Jan and Jan, 2010). The growth and development of dendritic arbors are also concurrent
in time and space with synapse formation with proteins of the post-synaptic density playing an
integral role in morphogenesis (Cantallops et al., 2000; Cline, 2001; Peng et al., 2009).

The embryonic and larval peripheral nervous system (PNS) in Drosophila melanogaster has
served as an excellent model system for studying mechanisms that govern dendritic arbor
complexity and tiling. The PNS consists of 45 sensory neurons per hemisegment which are classified
into type I and type II neurons (Grueber et al., 2003; Orgogozo and Grueber, 2005). The type II
neurons are multidendritic whose dendrites innervate the epidermis. Dendritic arborization (da)
neurons are a type of multidendritic neurons which are further classified into class I to IV on the

Frontiers in Cell and Developmental Biology | www.frontiersin.org 1 August 2019 | Volume 7 | Article 14566

https://www.frontiersin.org/journals/cell-and-developmental-biology/
https://www.frontiersin.org/journals/cell-and-developmental-biology#editorial-board
https://www.frontiersin.org/journals/cell-and-developmental-biology#editorial-board
https://doi.org/10.3389/fcell.2019.00145
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fcell.2019.00145
http://crossmark.crossref.org/dialog/?doi=10.3389/fcell.2019.00145&domain=pdf&date_stamp=2019-08-02
https://www.frontiersin.org/articles/10.3389/fcell.2019.00145/full
http://loop.frontiersin.org/people/701824/overview
http://loop.frontiersin.org/people/714736/overview
http://loop.frontiersin.org/people/714751/overview
http://loop.frontiersin.org/people/701212/overview
http://loop.frontiersin.org/people/701848/overview
https://www.frontiersin.org/journals/cell-and-developmental-biology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-07-00145 July 31, 2019 Time: 20:4 # 2

Harish et al. Mon1 Regulates Dendritic Arborization

basis of their dendrite field complexity with class IV da neurons
having the most complexity in terms of the number of dendrites
and their branching (Grueber et al., 2002). The arbor complexity
in da neurons is determined through a combinatorial expression
of transcription factors indicating the process is hard-wired and
intrinsic to the neuronal class (Jinushi-Nakao et al., 2007).

As in other organisms (Dong et al., 2015; Prigge and Kay,
2018) the process of morphogenesis is regulated by signaling
mediated by external cues such as Slit and Semaphorins (Jan
and Jan, 2010; Meltzer et al., 2016), kinases such as Tricornered
(Emoto et al., 2004) and a range of cellular processes that include
intracellular trafficking, translational control and cytoskeletal
dynamics (Ye et al., 2004; Satoh et al., 2008; Delandre et al., 2016).

Rab proteins are key regulators of intracellular trafficking.
Both endocytic and exocytic pathways are believed to contribute
to dendrite growth and branching (Jan and Jan, 2010; Dong et al.,
2015; Valnegri et al., 2015). Constituents implicated include Rab5
(Satoh et al., 2008; Mochizuki et al., 2011; Copf, 2014; Zhang et al.,
2014; Kanamori et al., 2015; Wang et al., 2017), Rab10 (Zou et al.,
2016), Shrub (Sweeney et al., 2006), and Rop (Peng et al., 2015).

In this study we demonstrate that Drosophila Monensin
Sensitivity 1 (DMon1; Yousefian et al., 2013; Deivasigamani
et al., 2015; Dhiman et al., 2019), a core component of the
Mon1:CCZ1 complex (Wang et al., 2002; Nordmann et al.,
2010; Poteryaev et al., 2010), and central to conversion of
early endosomes to late endosomes, regulates morphogenesis of
Class IV da (CIVda) neurons. We uncover a role for Mon1
by demonstrating that CIVda patterning can be regulated by
increasing or decreasing Mon1 function during embryonic/larval
development: loss of Mon1 leads to increased branching while
overexpression suppresses it. Consistent with its position in the
endocytic pathway, we find that Mon1 functions genetically
downstream of Rab5. Surprisingly however, the regulation by
Mon1 does not seem to be dependent on the late endosomal-
lysosomal pathway. Rather, the modulation appears to be via
the Rab11 mediated recycling pathway. We propose that in the
context of the da neurons, Mon1 serves to balance the endocytic
flux flowing through the endo-lysosmal and recycling pathways
to regulate dendrite morphogenesis.

RESULTS

Mon 1 Modulates Dendritic Branching in
Class IV da Neurons
CIVda neurons express pickpocket (ppk), a gene involved
in nociception in Drosophila (Adams et al., 1998; Crozatier
and Vincent, 2008). We recombined ppk-Gal4 (BL32079;
Grueber et al., 2007; Kanamori et al., 2013) with a membrane
localized GFP expressed under a ppk regulatory element (ppk-
GFP (BL35843) (Kanamori et al., 2013), and generated a
reporter line (‘R,’ see section “Materials and Methods”) that
allows visualization of CIVda neuron morphology in response
to genetic manipulation either through gene knock-down
and overexpression in the third instar larva of Drosophila
(Figure 1A). This reporter (‘R’) line was used to observe
the arborization of CIVda in the Dmon11181 (1181) line,

a loss of function allele of Mon1 (Deivasigamani et al.,
2015). When compared to a wild-type control, CIVda in
Dmon1 mutant showed enhanced dendritic branching with a
ramification index (R.I), of approximately 80 as compared to
60 in wild-type larvae. On normalization, with the reporter
line set to 100, Dmon1 mutant shows 45% increase in R.I
(Figures 1B,G). This increase in R.I was however not observed
in a heterozygous condition (Figures 1C,G), suggesting that
a single copy of Dmon1 is sufficient to regulate dendritic
arborization in the CIVda neurons. In order to confirm the
result, we quantified R.I in Dmon11181/Df(9062), an allelic
combination, where Df(9062) is a deficiency that uncovers
the Mon1 locus (Deivasigamani et al., 2015). An increase
in RI by 47% (Figure 1G) similar to that in Dmon11181

homozygote confirmed that it is the loss of Dmon1 that leads
increased R.I of CIVda neurons. Other parameters (see section
“Materials and Methods”), such as dendritic area (D.A; µM2),
dendritic length (D.L; µM) and number of dendritic branch
points (D.BP) were also measured for the same set of images.
Loss of Dmon1 also led to an increase in average values, as
compared to controls for D.A (51843 vs. 65787 µM2), D.L (14549
vs. 17811 µM) and D.BP (492 vs. 829). Normalized values,
with the control R/+ set to 100 are displayed in the figures
(Figures 1H–J).

Further confirmation for the role for Mon1 in regulating
CIVda branching was demonstrated by rescue of the dendritic
phenotypes in homozygous Dmon11181 (Figure 1E) and
Dmon11181/ Df(9062) animals through expression of DMon1 in
the ppk domain (Figure 1G). In both examples, the R.I, D.A,
D.L, and D.BP were restored to wild-type or near wild-type
levels (Figure 1).

In addition, overexpression of Mon1 in wild-type animals
using ppk-GAL4 led to reduction of all four parameters measured
(Figure 1). R.I, D.L, and D.BP were reduced significantly,
while the reduction of D.A had lower statistical significance
(‘∗’; Figure 1H). Together, these results demonstrate that
arborization of the CIVda neurons during development is
sensitive to the dose of Mon1 with decrease in Mon1 function
leading to increased branching, dendritic length and area while
enhancement of Mon1 function leads to a decrease in the
measured parameters.

Rabs Modulate Dendritic Arborization
Mon1/SAND1 regulates Rab conversion in yeast, C. elegans and
mammalian cells (Nordmann et al., 2010; Poteryaev et al., 2010;
Yousefian et al., 2013). Mon1 in complex with Ccz1 functions as
a guanine nucleotide exchange factor for Ypt7, the yeast ortholog
of Rab7 (Nordmann et al., 2010). As in other model systems,
in Drosophila, the recruitment of Rab7 on late endosomes is
mediated by the Mon1-Ccz1 complex (Yousefian et al., 2013). In
the study by Yousefian et al. (2013), Mon1 loss of function leads to
enlargement/enrichment of Rab5 positive early endosomes and
concomitant loss of association of mature endosomes with Rab7,
a feature that is replicated in CIVda neurons (Supplementary
Figure S1). Rab4 and Rab5 co-localized on early endosomes while
Rab11 distributions between mutant and wild-type cells were
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FIGURE 1 | Continued
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FIGURE 1 | Dmon1 modulates dendritic arborization in Class IV da -neurons. (A) A reporter (ppk-Gal4; ppk-GFP, diminutive ‘R’) line is used to visualize arborization
in CIVda neurons at the third instar larval stage in Drosophila melanogaster. Sholl analysis (Image J) is used to calculate Ramification Index (R.I), which is then
normalized, setting the ‘R/+’ at 100. The IMARIS software is used for neuron tracing and calculation of Dentritic area (D.A), Dendrite length (D.L) and Dendritic
branch points (D.BP), with each parameter for the R/+ set at 100. n = 15 (neurons), N = 4 animals. Representative images are shown for this and other images
(B–F). (B) Dmon11181/Dmon11181 larvae show enhanced arborization for Class IV arbors. n = 15, N = 4. (C) A Single copy of Dmon1 (Dmon11181/+) does not
show any significant increase in arborization. n = 14 neurons, N = 4. (D) Dmon11181/Df(9062) increases arborization to the same extent as
Dmon11181/Dmon11181. n = 15, N = 4. (E) UAS-Mon1:HA driven by ppk-Gal4 in Dmon1 1181 larvae, rescues the arborization defect in Dmon11181/Dmon11181

and Dmon11181/Df(9062) (Image not displayed) to near normal levels. n = 18, N = 5 and n = 9, N = 4 respectively. (F) Overexpression of Dmon1 in a wild-type
background, reduces the branching (D.BP), R.I and D.L significantly. The reduction in D.A is less significant. n = 35, N = 8. (G–J) Quantitation of the extent of
arborization in CIVDa using four parameters, R.I, D.A, D.L, and D.BP. Statistical analysis using Dunnet’s multiple comparison test using GraphPad Prism 7 with exact
p-values listed in Supplementary Table S1. ns, not significant. ∗p < 0.05 and ∗∗∗p < 0.001. Error bars represent standard error.

indistinguishable (Yousefian et al., 2013), a feature seen here in
CIVda neurons (Supplementary Figure S1).

Given the role of Mon1 in endocytic trafficking, we sought
to explore the role of Rab proteins in Mon1 mediated CIVda
morphogenesis (Figure 2 and Supplementary Figures S2A,B).
An earlier study in Drosophila has implicated Rab5 and
the distribution of Rab5 endosomes in the patterning of da
neurons (Satoh et al., 2008), while Rab11 mediated recycling
has been shown to be important in dendritic branching in
rat hippocampal neurons (Satoh et al., 2008; Lazo et al.,
2013). In Drosophila, the roles of Rab11 mediated recycling
pathway or the Rab7 mediated degradative pathway in dendrite
morphology has not been tested. We therefore sought to test
this in the context of Mon1 mutants through genetic epistasis,
by using loss-of-function and gain-of-function transgenic lines
against Drosophila Rab5, Rab7, and Rab11 genes. In agreement
with earlier studies (Satoh et al., 2008), expression of Rab5
dominant negative (Rab5DN; Rab5 in a GDP-bound form) or
knockdown using RNA interference, using ppk-Gal4, show a
drastic reduction in the extent of arborization and branching
(Figures 2B,D,J,K and Supplementary Figures S2A,B), with
hypomorphic RNAi alleles demonstrating weaker effects. Our
analysis indicated a 60–70% decrease in R.I, D.A, D.L, and D.BP
for the Rab5DN allele. In contrast, the constitutively active (CA)
form of Rab5 (RAB5CA, GTP-bound form) did not show any
significant differences in R.I, D.A, and D.L (Figures 2C,J,K and
Supplementary Figure S2B), while the D.BP were decreased by
20% (Supplementary Figure S2A) in CIVda as compared to the
control (Figures 2A,J,K and Supplementary Figures S2A,B).

Cargo present in Rab5 positive early endosome cycle can be
channeled down the degradation pathway involving Rab7 or the
recycling pathway, marked by Rab11. We tested the involvement
of these pathways by modulating the activity of Rab7 and Rab11.
We found that increasing Rab7 activity through expression of
a CA form, or decreasing Rab7 function by using a dominant
negative (DN) form of Rab7 or through expression of Rab7
RNAi the ppk domain (Figures 2E,F,G,J,K and Supplementary
Figures S2A,B) does not affect the arborization, branching,
length or area of CIVda neurons. In contrast, expression of
both, Rab11CA and Rab11DN altered arborization patterns in an
opposing manner: increase in Rab11 activity increased R.I, D.A,
D.L and D.BP, while a decrease in Rab11 activity reduced these
parameters (Figures 2H–K and Supplementary Figures S2A,B).
Interestingly, the increase in parameters (15–40%) seen upon
expression of Rab11CA (Figures 2H–K) were correlated to

and comparable with increase seen in Mon1 mutants, with
the exception of D.BP, where Rab11CA has a weaker effect,
suggesting that the Rab11 mediated recycling pathway plays a
central role in CIVda patterning.

Mon1 Interacts With Rabs to
Modulate da
Since the activity of Rab5 and Rab11 strongly modulates
arborization of CIVda neurons, we explored the nature of the
interaction between these Rabs 5, 7, and 11 and Mon1 to uncover
features of vesicular recycling that are important for CIVda
morphogenesis (Figure 3 and Supplementary Figures S2C–H).
We tested this by modulating activity of Rab5, Rab7, and
Rab11 in the Dmon1 loss-of-function line (Dmon11181 or
1181), in combination with the reporter line (R) generated
earlier (Figure 1A and see section “Materials and Methods”).
Expression of Rab5CA in the Dmon11181 larvae showed a partial
rescue (Figures 3C,G,J and Supplementary Figures S2C,F) of
the increase in R.I, D.A, D.L and D.BP, seen in the mutants,
while expression of Rab5DN in the Dmon11181 larvae led to
a quantitative parameters (D.A., D.L, and D.BP) that were
comparable to that of Rab5DN alone (Figures 3D,G,J and
Supplementary Figures S2C,F).

Although Rab7 on its own does not seem to participate
in the regulation of da (Figures 2F,G,J,K), we found that
expression of Rab7CA leads to a significant reduction of R.I,
D.A., D.L and D.BP, as compared to control Dmon11181 larvae
(Figures 3H–K and Supplementary Figures S2D,G; Images
not displayed) suggesting that activation of the downstream
endo-lysosomal pathway can suppress excess arborization in
the mutant. This may be an outcome of a flux change due to
modulation of the lysosomal branch. Interestingly, Rab7 RNAi
also suppresses Mon1 loss of function phenotype (Figures 3H,K
and Supplementary Figures S2D,G; Images not displayed), again
suggesting change in flux of recycling vesicular trafficking in
response to modulation of the lysosomal pathway. Expression
of Rab11CA in Dmon11181 larvae (weakly) rescues all measured
parameters (R.I, D.A, D.L) except D.BP. Expression of Rab11DN,
with or without Dmon11181 in the background leads to lower
values (decrease of 60–70%) of R.I, D.A., D.L, and D.BP. This
lends support to the view that the Rab11 mediated re-cycling
pathway functions downstream of Mon1 and may play an
important role in manifestation of the arborization defect in
Dmon11181 mutants.
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FIGURE 2 | Continued

Frontiers in Cell and Developmental Biology | www.frontiersin.org 5 August 2019 | Volume 7 | Article 14570

https://www.frontiersin.org/journals/cell-and-developmental-biology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-07-00145 July 31, 2019 Time: 20:4 # 6

Harish et al. Mon1 Regulates Dendritic Arborization

FIGURE 2 | Rabs modulate dendritic arborization. (A) CIVda larvae imaged with the ‘wild-type’ reporter line (R/+: ppk-GFP, ppk-Gal4). Representative images are
shown (B–I) for all experiments. (B–D) Rab5DN mutant expression or Rab5 knockdown using RNAi, reduces arborization (for Rab5 DN: n = 23, N = 4; for Rab5
RNAi: n = 40, N = 7) in Class IV neurons but Rab5CA mutant expression does not show any change (n = 18, N = 4), when compared to control R/+(n = 55, N = 5).
(E–G) Rab7DN mutant expression, Rab7 knockdown using RNAi and Rab7CA mutant expression using ppk-Gal4, do not show any difference in arborization as
compared to wild-type control (for Rab7DN: n = 35, N = 6; for Rab7 RNAi: n = 43, N = 7; for Rab7CA: n = 16, N = 4). (H,I) Rab11DN reduces arborization (n = 18,
N = 4) when expressed in Class IV da neurons whereas Rab11CA mutant expression increases dendritic arbor complexity (n = 8, N = 3). (J,K) Quantitation of the
extent of arborization in CIVDa using R.I and D.A. Values for D.L and D.BP are displayed in Supplementary Figure S2. ns, not significant. ∗p < 0.05 and
∗∗∗p < 0.001. Error bars represent standard error. Statistical analysis using Dunnet’s multiple comparison test using GraphPad Prism 7 with exact p-values listed in
Supplementary Table S1.

DISCUSSION

Mon1 is a conserved eukaryotic protein with a ‘longin’ domain.
The domain has an alpha-beta-alpha sandwich architecture and
is a feature of endocytic trafficking proteins (De Franceschi
et al., 2014). Protein containing ‘longin’ domains include SANDs,
SNAREs, targetins, adaptins, and sedlins (De Franceschi et al.,
2014). The dimeric Mon1:CCZ complex is involved in Rab
conversion and is a GEF for Rab7 (Figure 4A). Additionally,
there is evidence that Mon1 can be secreted by neurons, either
in membrane bound or unbound form (Deivasigamani et al.,
2015). Mon1 may thus regulate anterograde signaling in synapses,
both neuron:neuron or neuron:muscle. Recent research from
our laboratory (Dhiman et al., 2019) also suggests that Mon1 in
Octopaminergic neurons regulates systemic insulin signaling by
regulating insulin producing cells.

CIVda neurons are sensitive to the dose of DMon1 in
the cell (Figure 4B). Decrease in Dmon1 leads to increased
complexity of arborization, which includes increase in branching,
length and area covered by the axons. Increase in Dmon1
decreases complexity of arborization and reduces the values of
the parameters measured. Since Mon1 is primarily known for its
role as a Rab converter in eukaryotic cells, we explored functions
of Rab proteins Rab5, Rab7, and Rab11 in regulating da by
themselves and also in the context of Dmon1 loss of function.
Amongst the Rabs tested, Rab7 activity did not appear to
affect dendritic morphology, suggesting that perturbation of late
endosomal trafficking does not affect morphogenesis of CIVda
neurons in larvae. This premise however can be strengthened by
using Mosaic analysis with a repressible cell marker, studies. In
contrast, Rab11 activity altered arbor complexity with decrease
in Rab11 activity leading to a dramatic decrease in arborization
and expression of Rab11CA having an opposite effect (Figure 3).
This suggests that recycling endosomes play critical roles in
determining arbor complexity which is in agreement with the
role of Rab11 in dendrite morphogenesis in vertebrate systems
(Villarroel-Campos et al., 2014; Peng et al., 2015; Gu et al., 2016).
Since reduction of Rab5 activity also decreases arbor complexity,
and Rab5 ‘sorting’ endosomes are upstream (Figure 4A) of
both recycling endosomes (RE) and late endosomes (LE), we
propose that vesicular flux through the RE but not the LE is
a central determinant of CIVda morphogenesis (Figure 4C).
Loss of Rab5 leads to a decrease in the rate of RE formation,
while loss of DMon1 changes the endocytic flux, shunting excess
early endosomes (EE’s) toward the RE pathway. In our model
(Figure 4C), increase in activity of Mon1 enhances Rab5 to Rab7
conversion, reducing RE traffic leading to decreased arborization.

How does increase in RE flux lead to increase in dendritic
complexity? Since endosomes marked with Rab11 can be
exocytosed, we suggest that enhanced vesicular flux in the RE
pathway leads to enhanced exocytosis, which in turn is correlated
to increase dendritic arborization. This is in agreement with
earlier studies where trafficking of cargo in Rab11 vesicles
regulated dendritic complexity. For example, Lazo et al. (2013)
demonstrate that Rab11 regulates trafficking of brain derived
neurotrophic factor along with its receptor TrkB while Peng et al.
(2015) have shown that the Rop-exocyst complex is important for
dendritic branching in CIVda neurons. In contrast, data from the
Klein lab (Yousefian et al., 2013), with experiments performed
in the wing imaginal disk, suggest that Rab11 is not affected
in the Dmon1mut4 lines, and instead find changes in the Rab4
associated fast recycling pathway. In addition to protein and RNA
based cargo, exocytosis also provides neuronal membrane that is
critical for growth of the arbor, underscoring the importance of
RE flux and exocytosis.

The balance of endocytosis and exocytosis is crucial for the
growth and maintenance of CIVda arbors. Mon1 activity in
the early ‘sorting’ endosomes may be important for modulating
the flux through either the LE or RE pathways which in
turn could lead to modulation of neuronal architecture. Our
results thus underscore the role of endocytic flux in dendrite
morphogenesis. The genetic interactions described here suggest
a cell-autonomous role for Mon1. Given the ability of Mon1 to
be secreted, it would be interesting, in future studies, to test for
possible non-autonomous roles in dendrite development.

MATERIALS AND METHODS

Fly Husbandry
Fly lines were maintained at 25◦C on standard cornmeal agar
medium. UAS-GAL4 system (Brand and Perrimon, 1993) was
used for over-expression of transgenes.

Transgenic Lines
Dmon11181 was generated earlier through excision of pUAST-
Rab21:: YFP insertion (Deivasigamani et al., 2015). Lines
procured through the Bloomington Drosophila Stock Centre
include Df(2L)9062, 35843 (ppk-GFP), 32079 (ppk-Gal4), 9772
(UAS-Rab5-DN), 9773 (Rab5CA), 34832 (Rab5 RNAi), 9779
(UAS-YFP:Rab7CA), 9778 (UAS-Rab7DN), 27051 (UAS-Rab7
RNAi), 9792 (UAS-Rab11DN), 9791 (UAS-Rab11CA). UAS-
Mon1:HA/TM6Tb is a kind gift from Prof. Thomas Klein.
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FIGURE 3 | Continued
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FIGURE 3 | Mon1 interacts with Rabs to modulate dendritic arborization. (A,B) CIVda larvae imaged with the reporter line R/+ (n = 55, N = 7) and the
Dmon11181/Dmon11181; R/+ (n = 38, N = 7). Representative images are shown (B–F) for all experiments. For (G–L), blue asterisk/n.s represents statistical
comparison with wild-type (R/+) while red asterisk/n.s is a comparison with Dmon11181. (C,D) Rab5CA expression in Dmon11181 larvae shows significant reduction
in parameters measured (R.I, D.A, D.L, D.BP) as compared to Dmon11181 (n = 30, N = 7). Rab5DN in Dmon11181 larvae shows reduction in arborization as
compared to both Dmon11181 (n = 26, N = 5) and wild-type larvae (n = 26, N = 5). Rab7CA expression in Dmon11181 larvae shows reduction in arborization as
compared to Dmon11181 (n = 20, N = 4) and increase with respect to the wild-type (n = 20, N = 4). Rab7 RNAi in Dmon11181 larave shows reduction in arborization
as compared to Dmon11181 (n = 43, N = 7) and increase with respect to the wild-type (n = 43, N = 7). Images for these experiments are not shown but data is
quantified in (H,K). (E,F) Rab11CA in Dmon11181 background shows reduction in arborization as compared to Dmon11181 larvae (n = 36, N = 6) and increase with
respect to the wild-type larvae (n = 36, N = 6). Rab11 DN in Dmon11181 larvae shows reduction in arborization as compared to Dmon11181 (n = 19, N = 4) and
decrease with respect to the control larvae (n = 19, N = 4). (G,L) Quantitation of the extent of arborization in CIVDa using R.I and D.A. Values for D.L and D.BP are
displayed in Supplementary Figure S2. ns, not significant. ∗p < 0.05, ∗∗p < 0.01, and ∗∗∗p < 0.001. Error bars represent standard error. Statistical analysis using
Dunnet’s multiple comparison test using GraphPad Prism 7 with exact p-values listed in Supplementary Table S1.

FIGURE 4 | Mon1 levels may regulate vesicular flux through the recycling pathway. (A) Schematic shows the endocytic pathway branching at the early endosome,
with vesicles entering either the degradative or recycling pathways. Rab5 marks early endosomes (EE), Rab7 marks late endosomes (LE) while Rab11 marks the
recycling endosome (RE). The Mon1:Ccz complex acts as a GEF for conversion of EE to LE. (B) Effect of upregulation or downregulation of Rab or Mon1 activity on
complexity of dendritic arborisation, as measured by change in R.I (red lines/arrows). R.I decreases with decrease in Rab5 and Rab11 activity as also with increase
of Mon1 function. In contrast, R.I increases with decrease in Mon1 function and increase in Rab11 activity. Similar trends are seen in D.A, D.L, and D.BP. (C) A
hypothetical model, that agrees with our data, is the requirement of endocytic recycling for increase in dendritic arborization. Thus, increase in RE endosomal flux
may influence branching. This can be done directly by increasing RE by overexpressing Rab11, or indirectly by increasing the endocytic flux to the RE pathway, either
by decreasing Mon1 function or by decreasing Rab5 activity. The proposed model relies on a minimal role for Rab7 in regulating R.I. Green arrows depict the
increase in flux of vesicular trafficking in the RE pathway when Mon1 function is reduced.
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Immunohistochemistry and Imaging
Wandering third instar larvae were collected, fileted in 1X PBS,
dissected and fixed in Bouins solution (HT10132, Sigma) for
7 min. The tissues were then blocked in 1X PBS +0.3%Triton
(194854, MP Biomedicals) and 2% BSA stained overnight in anti-
GFP (Chk, A10262, Invitrogen, 1:500 and Rb, A6455, 1:1000)
incubated in 4◦C overnight. This was followed by washes
with 1X PBS +0.3%Triton and 2% Triton-X and incubated in
secondary antibody at room temperature for 1.5 h. The final step
involved washes and mounting of tissues in 70% glycerol with
n-propyl gallate. Confocal imaging was carried out using a Zeiss
LSM 710 microscope at 20X magnification. For Rab staining,
dilutions used were as follows. Anti Rab5 (1:500), Rab7(1:500),
Rab11(1:500) (Tanaka and Nakamura, 2008). Fixative used for
staining with Rab antibodies was 4% PFA. Secondaries used were,
Rab5 (1:1000 Guinea Pig Alexa fluor 568, Invitrogen A11075),
Rab7 and Rab11 (1:1000 Rabbit Alexa Fluor 647, Invitrogen
A21244), Chicken Alexa Fluor 488 from Invitrogen (A11039) and
Rabbit Alexa Fluor 488 from Invitrogen (A11034). Rab antibodies
were a kind gift by Prof. Akira Nakamura (RIKEN Center
for Developmental Biology, Kobe, Japan). For Rabs, confocal
imaging was carried out using a Zeiss LSM 710 microscope at
63X magnification.

Sholl Analysis
Sholl analysis, to measure the ramification index (R.I), was
performed using the NIH ImageJ Sholl Analysis Plugin (v1.0)1,
as distributed by Fiji. Briefly, the maximum intensity projection
for z stacks of each neuron was converted to a segmented
grayscale image using ImageJ. Background dendrites extending
into the image view from neighboring neurons were manually
deleted. Sholl analysis was performed by drawing a straight line
from the cell body to the distal tip of the neuron. The area
for the analysis was hence defined by this straight line which
is considered as the radii for each image. The origin of the
concentric radii was set at the midpoint of the longest axis of
the soma. Analysis was performed in automated way using the
following parameters: starting radius, 1 µm; radius step size,
2 µm; span, 1 µm; span type, median. The number of dendrite
intersections for each circle is measured and the highest value
is divided by the number of primary dendrites (intersections
at the starting radius) to obtain the Schoen ramification index
(R.I). This parameter is dependent on maximum number of
intersections and the number of primary dendrites. Statistics
were performed using the Prism statistical package (GraphPad,
San Diego, CA, United States).

Neuromorphometric Analysis of da
Neurons
The Filament dendrite tracer plug-in of the IMARIS 7 software
was used to trace the dendrites in 3D and generate quantitative
data for each genotype. The analysis was performed on dendritic
arbor’s arising from a single neuron and the branches from
neighboring neurons were deleted manually. The cell body was

1https://imagej.net/Sholl_Analysis

defined as the origin by adjusting the threshold for the largest
diameter. The ‘Dendritic Area (D.A)’ measured in µm2 refers
to the total area occupied by the traced filament. The ‘Dendritic
length (D.L),’ measured in µm refers to the sum of all filaments
traced within an arbor. The total number of ‘Dendritic Branch
points (D.BP)’ in each arbor have also been measured for each
genotype. The numbers for D.BP are the sum of all branch points
in the image (primary, secondary, and tertiary).
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FIGURE S1 | Antibody staining of cell body of CIVDa neurons with antibodies
against GFP, Rab5, Rab7, and Rab11. (A) Control larvae with the reporter (R:
ppk-GFP, ppk-Gal4) show localization of Rab5 and Rab7 as distinct punctate. (B)
Dmon11181/Dmon11181 displays enhanced accumulation of Rab5 as compared
to the control, while the Rab7 does not show localization in endosomes. (C)
Control larvae with the reporter (R: ppk-GFP, ppk-Gal4) show localization of Rab5
and Rab 11 as distinct punctate. (D) Dmon11181/Dmon11181 mutant shows
enhanced accumulation of Rab5, as compared to control, with increase in
punctae. Rab11 punctae do not appear to change significantly.

FIGURE S2 | Quantitative parameters (D.BP, D.L, and D.A) for experiments
displayed in main Figures 1–3. For all panels, blue asterisk/ns represents
statistical comparison with wild-type (R/+) while red asterisk/ns is a comparison
with Dmon11181. (A) Graph represents normalized values that appear to follow
similar trend as that of the R.I (Figure 2). Statistical values for the genotypes when
expressed in the ppk-Gal4 domain in wild-type animals: Rab5CA expression
(N = 4, p = 0.0073), Rab5DN expression (N = 4, p = 0.0001), Rab5 knockdown
using RNAi (N = 4, p = 0.0002), Rab7CA expression (N = 4, p = 0.9999), Rab7DN
expression (N = 4, p = 0.9997), Rab7 knockdown using RNAi (N = 4, p = 0.9999),
Rab11CA expression (N = 4, p = 0.0329), Rab11DN expression (N = 4,
p = 0.0001). n(number of neurons) analyzed for each genotype is 10. (B)
Quantitation of (total) dendritic length (D.L). Statistical Values for the genotypes
when expressed using ppk-Gal4 in wild-type background are as follows: Rab5CA
expression (N = 4, p = 0.3142), Rab5DN expression (N = 4, p = 0.0001), Rab5
knockdown using RNAi (N = 4, p = 0.0164), Rab7CA expression (N = 4,
p = 0.9991), Rab7DN expression (N = 4, p = 0.9754), Rab7 knockdown using
RNAi (N = 4, p = 0.9996), Rab11 expression (N = 4, p = 0.0329), Rab11DN
expression (N = 4, p = 0.0001). (C–E) Quantification of number of Dendrite
Branch points (D.BP) for the interaction of Mon1 with different Rabs. Statistical

values (blue ∗’s or ns), for the genotypes when expressed using ppk-Gal4 in
Dmon11181 background as compared to control alone are as follows: Rab5CA
expression (N = 4, p = 0.9990), Rab5DN expression (N = 4, p = 0.0001), Rab7CA
expression (N = 4, p = 0.0019), Rab7 knockdown using RNAi (N = 4, p = 0.0992),
Rab11CA expression (N = 4, p = 0.0001), Rab11DN expression (N = 4,
p = 0.0001). Statistical values (red ∗’s or ns) for the genotypes when expressed
with ppk-Gal4 in Dmon11181 background as compared to Dmon11181 are as
follows: Rab5CA expression (N = 4, p = 0.0002), Rab5DN expression (N = 4,
p = 0.0001), Rab7CA expression (N = 4, p = 0.8603), Rab7 knockdown using
RNAi (N = 4, p = 0.1021), Rab11CA expression (N = 4, p = 0.9999), Rab11DN
expression (N = 4, p = 0.0001). (F–H) Quantification of Dendrite Length (D.L) for
the interaction of Mon1 with different Rabs. The graph represents normalized
values which follow similar trend as that of the R.I (Figure 3). Statistical values
(blue ∗’s or ns) for each of the genotypes when expressed in the ppk-Gal4 domain
in Dmon11181 background as compared to control alone are as follows: Rab5CA
expression (N = 4, p = 0.9997), Rab5DN expression (N = 4, p = 0.0001), Rab7CA
expression (N = 4, p = 0.0125), Rab7 knockdown using RNAi (N = 4, p = 0.7656),
Rab11CA expression (N = 4, p = 0.7089), Rab11DN expression (N = 4,
p = 0.0001). Statistical values (red ∗’s or ns) for the genotypes when expressed
using ppk-Gal4 in Dmon11181 background as compared to Dmon11181 are as
follows: Rab5CA mutant overexpression (N = 4, p = 0.0001), Rab5DN expression
(N = 4, p = 0.0001), Rab7CA expression (N = 4, p = 0.1130), Rab7 knockdown
using RNAi (N = 4, p = 0.0002), Rab11CA expression (N = 4, p = 0.0003),
Rab11DN expression (N = 4, p = 0.0001). Number of neurons analyzed for all
genotypes = 10, ns, not significant. ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001. Error
bars represent standard error. p-Values generated using Dunnet’s multiple
comparison test using GraphPad Prism 7.

TABLE S1 | p-values for analysis of experiments conducted for this study.
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Drosophila blue cheese (bchs) encodes a BEACH domain adaptor protein that, like
its human homolog ALFY, promotes clearance of aggregated proteins through its
interaction with Atg5 and p62. bchs mutations lead to age-dependent accumulation
of ubiquitinated inclusions and progressive neurodegeneration in the fly brain, but
neither the influence of autophagy on bchs-related degeneration, nor bchs’ placement
in the autophagic hierarchy have been shown. We present epistatic evidence in a well-
defined larval motor neuron paradigm that in bchs mutants, synaptic accumulation of
ubiquitinated aggregates and neuronal death can be rescued by pharmacologically
amplifying autophagic initiation. Further, pharmacological rescue requires at least
one intact BEACH-containing isoform of the two identified in this study. Genetically
augmenting a late step in autophagy, however, rescues even a strong mutation which
retains only a third, non-BEACH containing isoform. Using living primary larval brain
neurons, we elucidate the primary defect in bchs to be an excess of early autophagic
compartments and a deficit in mature compartments. Conversely, rescuing the mutants
by full-length Bchs over-expression induces mature compartment proliferation and
rescues neuronal death. Surprisingly, only the longest Bchs isoform colocalizes well
with autophagosomes, and shuttles between different vesicular locations depending on
the type of autophagic impetus applied. Our results are consistent with Bchs promoting
autophagic maturation, and the BEACH domain being required for this function.

HIGHLIGHTS

The autophagic adaptor blue cheese is placed in an epistatic hierarchy, using
pharmacological and genetic modulation of bchs- motor neuron degeneration. An
intact BEACH isoform can promote autophagic proliferation, and in primary larval brain
neurons Bchs shuttles to different components of the autophagy machinery, dependent
on the stimulus.
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INTRODUCTION

A common pathological hallmark in many neurodegenerative
disorders is the accumulation of intracellular toxic aggregates.
Degradation of misfolded proteins and protein aggregates is
mediated by two main intracellular systems, the ubiquitin-
proteasome system (UPS) and autophagy (Glickman and
Ciechanover, 2002; Levine and Klionsky, 2004). Both pathways
are responsible for the recycling of different types of substrates
depending on their solubility, half-life and composition,
e.g., organelles versus misfolded proteins, type of substrate
modification or the presence of specific degradation motifs
(Nedelsky et al., 2008). Autophagy appears to function in part as a
compensatory degradative pathway, because its activity increases
when UPS is impaired (Iwata et al., 2005; Pandey et al., 2007).
On the other hand, autophagic efficacy declines with ageing
(Cuervo, 2008), acting as a possible mechanistic link to sporadic
late-onset neurodegeneration.

During macroautophagy, elongation of the isolation
membrane requires the E1-like activating enzyme Atg7 and
E2-like conjugating enzyme Atg10 to bring Atg12 to Atg5 (an
E3-like ligase) which then binds Atg16 to form the Atg12-
Atg5-Atg16 multimeric complex (Ohsumi, 2001; Kuma et al.,
2002). This E3-like ligase complex aids in the lipidation of Atg8
protein and dissociates from the membrane upon formation
of the autophagosome (Kabeya et al., 2000; Hanada et al.,
2007). Although the process of induction by signaling kinases to
autophagosome formation and subsequent fusion with lysosomes
has been extensively studied (Mizushima et al., 2002; Ganley,
2013), the receptors and adaptors that play a role in selective
recognition of cargoes in specific cellular locations have been
relatively unknown until recently (Lynch-Day and Klionsky,
2010). In mammals one of these adaptors, ALFY (autophagy-
linked FYVE protein), scaffolds the machinery associated with
isolation membrane elongation around sequestered protein
aggregates by binding to the autophagy receptor, p62, through
its PH-BEACH (Beige and Chediak–Higashi) domain, Atg5
through its WD40 repeats, and phosphatidylinositol 3-phosphate
(PI3P)-containing autophagic membrane via its FYVE domain
(Clausen et al., 2010; Filimonenko et al., 2010).

Loss of function mutations in Drosophila blue cheese (Bchs),
the ortholog of ALFY, lead to age-dependent accumulation of
ubiquitinated inclusions in adult brains, progressive degeneration
throughout the nervous system and reduced adult longevity
(Finley et al., 2003). A targeted genetic modifier screen in which
lysosomal and autophagy candidate genes were able to modify a
rough-eye phenotype induced by Bchs over-expression suggested
that Bchs function may be involved in an autolysosomal
trafficking pathway (Simonsen et al., 2007). A defect in size
and anterograde transport of lysosomal compartments along
motor neuron axons in bchs mutants supported this premise
(Lim and Kraut, 2009). In both these studies, bchs mutants
exhibited morphological features characteristic of atrophying
neurons, such as axonal varicosities, ubiquitinated inclusions in
the brain and disorganized microtubule bundles. Notably, the
degeneration caused by loss of function for bchs was never tested
for genetic modification by interference with autophagy.

A previous study has reported that ALFY, while not required
for autophagy to occur, is associated with autophagic membranes
and clears ubiquitinated aggregates from HeLa and neuronal cells
(Simonsen et al., 2004; Filimonenko et al., 2010). However, no
studies have examined in detail any changes in the autophagic
machinery that may occur in bchs, or Bchs dynamic behavior
with respect to autophagic components. Therefore, we set out to
investigate the spatial localization of Bchs in relation to different
steps along the autophagy-lysosomal pathway under various
stresses and how these respond to bchs mutation.

We first present epistatic arguments, combining loss
of function bchs alleles with genetic and pharmacological
manipulations of autophagy, to show that Bchs occupies a
specific position in an autophagy hierarchy that can be bypassed
by late-acting Atg7, but not by early autophagic initiation.
Further, we demonstrate that rescue of the degeneration by
increasing autophagy requires at least one BEACH domain
containing member of three newly identified isoforms, and
that the full length protein strongly induces mature autophagic
compartment formation, in keeping with earlier reported
functions of BEACH domain proteins in vesiculation events.

RESULTS

The bchs Locus Produces Three
Isoforms That Are Differentially
Localized With Autophagic Markers and
Produce Different Phenotypes
The existence of a single long isoform of Bchs has been reported,
with smaller bands in Westerns being attributed to non-specific
cross-reaction of the antibody (Khodosh et al., 2006; Simonsen
et al., 2007). In our hands, Western blot analysis with a polyclonal
antibody raised against the C-terminal 1008 amino acids of Bchs
(Lim and Kraut, 2009) recognized three Bchs isoforms, all with
apparent weights above 300 kDa, both in third instar larval
brains and adult heads of yw control animals (Figures 1A,A′).
A pan-neuronal Gal4 driver (elav-Gal4) driving expression via
the gene insertion EPbchs2299 resulted in the over-expression of
all three of these Bchs isoforms (Figure 1A; visible as separate
bands in Figure 1A′, arrowheads), whereas driving bchs RNAi
(Figure 1A) or mutation of bchs (Figure 1A′) resulted in loss
of all three. The EMS alleles beach17 and beach58 [referred
to here as bchs58(O)] were isolated by Khodosh et al. (2006)
in the EPbchs2299 background. From these lines, we generated
bchs17(M) and bchs58(M) by precise excision of the EP insertion.
bchs17(M) introduces a stop codon at Trp2640, and is expected
to disrupt isoforms 1 and 2 (Figure 1B). bchsLL03462 is a
strong allele resulting from an insertion into bchs of a splice
acceptor site followed by stop codons into the 7th coding exon
at aa 1229 preceding the BEACH domain (Flybase allele report
FBti0124589). Our sequence analysis of bchs58(O), which was
characterized as a strong loss of function mutation, detects an
insertion of 3 bases and a deletion of 17 bases, resulting in a
frame shift and subsequent stop codon. Thus, the bchs58 lesion
is expected to remove only the longest Bchs isoform 1, but
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FIGURE 1 | Continued
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FIGURE 1 | Blue cheese (Bchs) is alternatively spliced, and the isoforms colocalize to different extents with autophagosomes. (A) Left blot: Western of third instar
larval brains from control wild type (yw) and elav-Gal4 alone, elav-Gal4-driven over-expression of bchs (elav-Gal4>EPbchs2299), and bchsRNAi. Right blot: adult
heads, yw vs. bchs58(O). (A′) Adult heads of yw vs. bchs17(M)/Df(2L)cl7, bchs58(M), and bchsLL03462 show loss of three bands >300 kDa (arrowheads).
Right-most two lanes: shorter exposure of the identical blot, with elav-Gal4>GFP-bchs1 and elav-Gal4>EPbchs2299 showing increased expression of the same
three separate bands >300 kDa (arrowheads) also present in yw, relative to non-specific band at ∼100 kDa. (A′′) Adult heads of elav-Gal4 over yw control (left lane)
vs. elav-Gal4 driven bchs isoforms 1, 2, and 3. Note that bchs isoform 2 is smaller than bchs isoform 1. Actin and tubulin were used as loading controls.
(B) Schematic illustrating domains excluded from splice isoforms identified by RT-PCR from larval CNS and adult head. The positions of EPbchs2299 insertion,
bchsLL03462, bchs58, bchs17 mutations are indicated by vertical black lines. Splice isoforms 1, 2, and 3 have expected sizes of 390, 285, and 233 kDa,
respectively. However, note that the three products in part A (arrowheads) all appear to run >300 kDa; isoform 3 (right-most lane, A′′ ) lacks the PH-BEACH domain
and therefore may not be as well detected by the antibody, which was raised against the C-terminal third of Bchs, including the PH-BEACH domain (green, purple
bands). Using the primer sets shown to detect splice isoform 2 (brown ovals) and splice isoform 3 (red ovals), 250 and 300 bp bands were detected, from which we
deduced that splice isoform 1 is 2.8 kb larger than isoform 2 and 4.1 kb larger than isoform 3. (C–H) Live images and colocalization tally of elav-Gal4-driven (C,C′)
GFP-bchs-1, the longest isoform, with RFP-Atg5 in primary larval neurons; (D,D′) GFP-bchs-1 with mCherry-Atg8a; (E,E′) GFP-bchs-2, which retains a BEACH
domain, with RFP-Atg5; (F,F′) GFP-bchs-2 with mCherry-Atg8a; (G,G′) GFP-bchs-3, the non-BEACH isoform, with RFP-Atg5; (H,H′) GFP-bchs-3 with
mCherry-Atg8a. Arrows point to vesicularly localized GFP-bchs isoforms. Contrast in GFP panels was enhanced to bring out visibility of the vesicles.
Scalebar = 10 µm.

may produce a chimaeric protein that is not recognized by
our antibody. However, the strong loss of all three bands in
bchs58(O) and bchs58(M) (Figure 1A′), as well as the appearance
of additional bands after overexpression of all three isoforms
(Figures 1A′,A′′), suggests that positive autoregulation by Bchs
may be involved.

The three isoforms of Bchs (depicted in Figure 1B) were
cloned as N-terminal GFP fusions and expressed in the nervous
system via elav-Gal4 (Figure 1A′′). Larval brains expressing
each of the isoforms were dissociated into primary neuronal
cultures (Figures 1C–H). Live imaging of these primary neurons
in the background of transgenic RFP-Atg5 and mCherry-Atg8a
expression to label early and late autophagic compartments
showed that, in cases where GFP-Bchs can be detected in
vesicles, only BEACH-containing isoform 1 (GFP-bchs-1) was
predominantly coincident with autophagosomes (Figures 1C,D),
whereas isoforms 2 and 3 had much less association with
either Atg5 or Atg8 (Figures 1E–H), and indeed were often
mutually exclusive in cells (this can be seen particularly well
in Figures 1F,H). Autophagosomal association does not appear
to depend on the BEACH domain, since BEACH domain-
containing isoform 2 is less autophagosomal than isoform 3,
which lacks the BEACH domain.

Autophagic Modulation of
Neurodegeneration in Loss of Function
bchs Mutants Depends on the BEACH
Domain
A specific function of Bchs in aggrephagy was demonstrated
by the observation that Bchs and its homolog ALFY interact
physically with the autophagy machinery, and that both are
able to reduce aggregates induced in human and Drosophila
cells (Filimonenko et al., 2010). However, the loss of function
neurodegenerative phenotype in the fly was not tested for
interactions with either pharmacological or genetic modulators
of autophagy, which should occur if Drosophila Bchs functions
as an autophagic adaptor. Here, as in our earlier study (Lim and
Kraut, 2009), the loss of larval aCC and RP2 motor neurons
was used as a means of quantifying neurodegeneration in bchs.
Using this method, we compared the extent of neurodegeneration
in bchs alleles that differentially affect the three isoforms, and

assessed the effects of autophagy-modulating drugs in these
genetic backgrounds. aCC and RP2 motor neurons, which
were shown to have a high frequency of TUNEL-labeling in
the previous study, are specifically labeled in our assay by
driving membrane-localized CD8-GFP with an even-skipped
driver (this driver-reporter combination, used in Figure 2 and
thereafter is referred to as eve>GFP). In combination with
a genetic deficiency Df(2L)cl7 (referred to as cl7), bchs58(O),
which retains the EP element of EPbchs2299, had lower motor
neuron survival (∼32%) than either bchs58(M) (∼85%) or
bchs17(M) (∼70%), the two alleles where the EP element was
excised (Figure 2A). The phenotypic strength of the three alleles
in the order bchs58(O) > bchs17(M) > bchs58(M) was thus
established by this assay.

We next tested the effects of feeding the autophagy-
modulating drugs rapamycin, 3-methyladenine, and
Wortmannin on motor neuron death in larvae of the above
allelic combinations. Larvae that were fed rapamycin, a well-
established autophagy inducer (Rubinsztein and Nixon, 2010),
grew more slowly (7–8 days vs. 3 days), and high concentrations
(50 or 100 µM) resulted in widespread larval mortality before
third instar. All treatments showed a change in the pattern of
the mTOR effector phosphorylated S6 kinase (p-S6K) relative
to controls in Westerns of larval brain (Supplementary Figure
S1A). A comparison of mCherry-Atg8a in muscles of drug-
fed larvae also showed increases or decreases in numbers of
punctae (Supplementary Figure S1B), and rapamycin increased
autophagosome formation (more Atg8 spots/cell) and flux
(fewer p62 spots/cell) when applied to larval neurons in culture
(Supplementary Figure S1D).

Feeding larvae rapamycin at 1 uM resulted in a significant
amelioration of motor neuron death in all alleles over deficiency
cl7, with bchs58M being rescued to nearly 100% survival
(Figure 2A). Notably, however, the allele that putatively removes
both BEACH domain isoforms, bchs17(M), was rescued only
marginally (from 70 to 78%). This suggests that the presumptive
autophagic deficit in bchs mutants can be more effectively
compensated by amplification of autophagy if a BEACH- isoform
is present, as is the case in bchs58. Because rapamycin acts
through inhibition of TORC1 and subsequent activation of the
Atg1 complex (Ravikumar et al., 2004; Sarkar et al., 2008; Bové
et al., 2011), an epistatic interpretation of this result would
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FIGURE 2 | bchs’ neurodegenerative phenotype is sensitive to autophagy-modulating drugs and genetic enhancement of autophagy. (A–D) Larvae of the indicated
genotypes were fed on standard food containing either (A) rapamycin, (B) Wortmannin, or (C) 3-methyladenine. All third instar larval motor neurons were labeled as
shown in the example in (D) with anti-Futsch (22C10; red), and co-labeled with anti-GFP to detect eve>GFP in aCC and RP2 motor neurons (green; arrows). RP2 is
absent in the bchs mutant (right panel). Scalebar = 40 µM. Percent survival of RP2 motor neurons over ∼100 hemisegments was calculated for each treatment, and
experiments were performed in triplicate. Chi-square test was used to determine statistical significance; ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001. (E) Over-expression of
atg7 shown by RT-PCR on total RNA from adult heads of wild type (WT, CantonS), atg7[d77]/+ heterozygotes, and elav-Gal4>atg7, using primers specific for atg7
mRNA and rp49 rRNA as loading control. (F) Over-expression of atg7 increases RP2 motor neuron survival in bchs17(M) and bchs58(M) (lanes 3 vs. 2 and 6 vs. 5).
A single allelic deletion of atg7 by itself (lane 9) gives a similar rate of RP2 death as bchs58(M) and mildly exacerbates it (lanes 5 vs. 7) but does not significantly
change bchs17(M) (lanes 2 vs. 4). Experiments were performed in triplicate, and N > 100 (hemisegments) for each genotype. All genotypes include the
driver/reporter combination eve>GFP in homozygosity. Error bars represent standard deviation, and Chi-square test was used to calculate statistical significance.
∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001.
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be that complete rescue requires Bchs with an intact BEACH
domain, downstream of Atg1 in the autophagy hierarchy. It also
identifies BEACH-containing isoforms of Bchs as the primary
participants in autophagy.

Wortmannin and 3-methyladenine (3-MA) are widely used
broad-spectrum phosphatidylinositol 3-kinase (PI3K) inhibitors
that act mainly via the suppression of class III PI3K activity to
inhibit the nucleation of phagophores through PI3P production
(Seglen and Gordon, 1982; Powis et al., 1994). 0.2 or 2 µM
Wortmannin significantly reduced motor neuron survival in
wild-type control, bchs58(O)/cl7 and bchs58(M)/cl7, but did not
exacerbate bchs17(M)/cl7 (Figure 2B), the genetic background
that lacks the two BEACH-containing isoforms. Similarly,
suppression of autophagy by 3-MA caused motor neuron death
in wild-type (phenocopying bchs motor neuron loss, a typical
example of which is shown in Figure 2D) and exacerbated
bchs58(O)/cl7 and bchs58(M)/cl7, but did not significantly
exacerbate bchs17(M)/cl7 (Figure 2C). These data again point to
the BEACH domain isoforms being responsible for the residual
autophagic capacity that appears to be present in the rescuable
bchs58 alleles.

Activation of a Late-Stage Autophagy
Step by atg7 Rescues the bchs
Degenerative Phenotype
There is evidence that ALFY interacts physically with the
autophagy machinery, but a bona fide genetic interaction between
a loss of function bchs phenotype and autophagy has not
been tested. Therefore, we examined whether manipulation of
autophagy genes could modify bchs motor neuron death. Atg7,
an E1-like ubiquitin activating enzyme that is involved in the
conjugation of phosphatidylethanolamine (PE) to Atg8, and
formation of the Atg5-Atg12 conjugate, has been shown to
suppress the accumulation of ubiquitinated aggregates, thereby
contributing to Drosophila adult longevity (Juhasz et al., 2007;
Geng and Klionsky, 2008). Adult heads of Atg7[EY10058], which
has upstream activating sequences (UAS) inserted before the atg7
transcriptional start site, driven with elav-Gal4 (elav-Gal4>atg7
in Figure 2E), showed an increase in atg7 transcripts by reverse-
transcription (RT)-PCR (Figure 2E, lane 3), and an increase
in p-S6K compared to control (Supplementary Figure S1C).
Therefore, we used this line to over-express Atg7 in the presence
or absence of Bchs.

Strikingly, over-expression of Atg7 via eve-Gal4 (eve>atg7
in Figure 2F) rescued motor neuron survival to almost 100%
in both the strong allele bchs17(M)/cl7 and the hypomorph
bchs58(M)/cl7 (Figure 2F, lanes 3 and 6). Notably, this
genetic augmentation of a later-occurring autophagy step
via Atg7 was more effective than rapamycin feeding at
rescuing bchs17(M), which only mildly improved bchs17(M)/cl7
degeneration (Figure 2A). bchs58(M)/cl7 showed a similar
percentage of neuronal death as the loss of function allele
atg7[d77]/+ (85.1% vs. 85.8%; Figure 2F, lanes 5 and 9) and
combining them resulted in a further reduction of neuronal
survival to 77.2% (Figure 2F, lane 7). In contrast, combination
with atg7 did not significantly exacerbate the phenotype of
bchs17(M)/cl7 (Figure 2F, lanes 2 vs. 4). Another atg7 deletion

atg7[d14] was synthetic lethal when recombined with cl7, making
it difficult to examine the effect of atg7- homozygosity on bchs.

Atg1 activity has previously been shown to rescue phenotypes
that result from autophagic deficit by overexpression of a
transgene (Scott et al., 2007). We attempted this in the
background of bchs alleles, using two different available
constructs (UAS-Atg1GS10797, and UAS-Atg1(6A), a gift of T.
Neufeld), but both of these resulted in nearly complete motor
neuron death when expressed in the neurons to be assayed, alone
and in combination with bchs alleles, and could therefore not be
tested for rescue.

In summary, bchs alleles with or without BEACH products
can be rescued substantially by enhancing a late autophagic
step via Atg7 over-expression. Conversely, bchs17(M), which
removes both BEACH-containing isoforms, cannot be further
exacerbated by disrupting autophagic activity via Atg7 knockout.
Both of these observations point to atg7 acting in one functional
pathway downstream of bchs, and its ability to override loss
of BEACH isoforms.

Accumulation of Ubiquitinated
Aggregates in bchs Motor Neuron
Termini Accompanies Degeneration and
Is Abolished by Augmenting Autophagy
Previous reports have demonstrated the accumulation of
insoluble ubiquitinated protein aggregates in aged bchs adult
heads and in photoreceptor axons of Bchs over-expressing late
pupae (Finley et al., 2003; Simonsen et al., 2007). Larval motor
neurons are ideally suited to examine the subcellular localization
of such aggregates due to their clearly identifiable anatomy.
Therefore, we investigated whether ubiquitinated aggregates
accumulate in bchs motor neurons and where this occurs.

Aggregates appeared prominently in the dorsal-most synaptic
arbors of motor neurons in third instar larval body walls of
bchs animals (Figure 3A). There was no obvious accumulation
of ubiquitinated conjugates in motor neuron axons and cell
bodies in bchs mutants (data not shown). For quantification,
aggregate area sizes were categorized into three groups: 0–
1 µm2 (small), 1.1–10 µm2 (medium), and 10.1–50 µm2 (large).
While the smallest ubiquitinated aggregates were nearly always
found in wild type termini, the frequency of medium- and
large-sized aggregates was much higher in bchs mutants. The
allele bchsLL03462/cl7 had the highest occurrence of medium
aggregates, whereas bchs58(O)/cl7 had fewer overall (Figure 3B).
Although this result was unexpected based on the severity of the
alleles, it may be related to the possibly neomorphic nature of the
58(O) allele.

We next investigated whether autophagy-modulating drugs
affected the distribution of aggregates in termini, and whether
this correlated with motor neuron viability. bchs58(M)/cl7 and
bchs17(M)/cl7 fed 1 µM rapamycin showed significantly lower
frequencies of medium and large ubiquitinated aggregates, while
small aggregates increased significantly (Figure 3C; significance
was calculated in comparison to frequency of a given aggregate
size in the corresponding genotype without drug in Figure 3A).

In contrast to rapamycin feeding, Wortmannin and 3-MA
did not affect the distribution of ubiquitinated aggregates in
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FIGURE 3 | Ubiquitinated aggregates accumulate in neuronal termini of bchs larval neuromuscular junctions and can be reduced by rapamycin feeding. (A) Third
instar larvae were dissected and immunostained for anti-HRP (a pan-neuronal marker) and anti-poly-ubiquitin. Scale-bar = 20 µm. (B) Percentages of
neuromuscular junctions with ubiquitinated inclusions in each of three size groups (see Materials and Methods) were calculated for the different genotypes.
Experiments were performed in duplicate, and error bars represent S.E.M. Chi-square test was used to determine pairwise statistical significance between frequency
of occurrence of a given aggregate class in bchs vs. the same class in the wild-type control. ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001. Larvae of the indicated genotypes
were fed on (C) rapamycin, (D) Wortmannin, or (E) 3-methyladenine (see Materials and Methods) before repeating the same procedures as in (B) for analysis. Stars
in (A) show significance of differences between classes in each of the genotypes and wild-type (+/+). Stars in (C) and (E) show significance for pairwise
comparisons of numbers of ubiquitinated inclusions in the same genotype in (B) without drug.
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bchs mutants (Figures 3D,E, compare to B). However, 3-MA
feeding caused a significant shift toward the formation of medium
(but absence of large) ubiquitinated aggregates in wild-type
larvae (Figure 3E).

Early Autophagosomes Increase in bchs
Primary Neurons and Bchs Expression
Drives Progression to Late Autophagy
Since the observed accumulation of ubiquitinated aggregates
in neuronal termini of bchs neuromuscular junctions suggests
a blockage in the autophagy pathway, it was of interest to
investigate where this blockage might be taking place. Because
primary neurons prepared from third instar larval brains could
be analyzed in much larger numbers than larval motor neurons,
we used these to assess the number per cell and brightness
of Atg5- and Atg8-positive compartments (Figures 4A–H).
Atg5-positive compartments increased significantly in number
and/or brightness in all bchs allelic combinations (Figures 4A,B),
whereas Atg8-positive compartments were reduced, but only
significantly in bchs17(M) mutants (Figures 4E,F) (cell images
of additional bchs allelic combinations shown in Supplementary
Figure S2). Ubiquitin-labeled inclusions were visible in all
preparations, but appeared more prominent and vesicular rather
than predominantly nuclear and cytoplasmic, in the neurons that
were rescued by GFP-bchs-1 (Figures 4C,G).

Interestingly, expression of GFP-bchs-1 in bchs mutant
backgrounds resulted in an increase in brightness of Atg5
in vesicles (Figure 4B, sample 3), but a reversal of the
increase in Atg5 compartment number (Figure 4A, sample
3). Even more strikingly, GFP-bchs-1 expression also caused a
very strong increase in both Atg8 compartment number and
intensity over wild type (Figures 4E,F, sample 3; Figure 4H,
panels 3, 5). Full multi-cell comparisons of Atg5 and Atg8
expression in the different genotypes are shown as montages
in Supplementary Figures S3–S6. We also noted that both
Atg5 and Atg8 accumulated detectably in the neurites of
bchs17(M)/cl7 compared to wild-type in neurons that had been
allowed to differentiate further by aging for 4 additional days
in culture (Supplementary Figures S4B, S6B). These neurons
also showed notably more prominent ubiquitinated aggregates
than the younger preparations (see enlarged insets, green in
Supplementary Figures S4B, S6B).

In general, our findings with respect to Atg8 differ from
those of Filimonenko et al. (2010), who reported no effect
on starvation-induced LC3 expression in ALFY knockdowns.
This discrepancy may be due to differences in methods of
quantification, cell type, or presence vs. absence of autophagy
induction. Surprisingly, the loss of bchs did not influence the
localization of Huntingtin (Htt) Q93 ubiquitin aggregates with
either Atg5 or Atg8 (Supplementary Figure S7), indicating that
Bchs does not have an explicit role in guiding these aggregates to
the nascent or fully formed autophagosome.

In order to discern whether bchs’ effects on autophagic
compartments were due to changes in flux, we treated control
and bchsRNAi-treated primary neurons expressing mCherry-
Atg8 with chloroquine in order to block auto-lysosomal

degradation (Supplementary Figures S8A–F). Chloroquine
reduced mCherry-Atg8 size and intensity significantly over
controls, and this was strongly reversed by the presence of
bchsRNAi. Additionally, we tested bchs’ effects on another marker
of autophagosomal maturation, Syntaxin 17 (Syx17), a vesicular
synaptosome-associated protein receptor (SNARE) necessary for
HOPS-mediated lysosomal-autophagosomal fusion (Takáts et al.,
2014; Supplementary Figures S8G–L). Changes in expression
and localization of Syx17 were evident: bchs17(M)/cl7 appeared
to increase the size of Syx17 compartments, while bchs58(M)/cl7
neurons more often had smaller, more tightly localized Syx17
(Supplementary Figure S8L). Overexpression of GFP-bchs-1
notably resulted in large areas of Syx17 throughout the cell body
and in the nucleus (Supplementary Figures S8K,L).

The functionality of Bchs-GFP isoform 1 —the most
clearly autophagosome-associated isoform (see Figure 1)—
which induced Atg8 compartment formation in the foregoing
experiment (Figure 4), was assayed for its ability to rescue the
motor neuron loss of different bchs loss of function alleles. To
test this, GFP-bchs-1 was recombined onto the cl7 deficiency
chromosome, and crossed into the background of different bchs
combinations. bchsLL03462 by itself gave only ∼40% motor
neuron survival, but was rescued by the transgene GFP-bchs-
1 to ∼100% survival (Figure 4I). The ∼68% survival seen in
bchs17(M) was mildly rescued to∼80%, while bchs58(M) was not
rescued (not shown). Expression of GFP-bchs-1 by itself resulted
in extensive motor neuron loss, suggesting that particular levels
or a balance of the three isoforms may be important.

We conclude from the above set of experiments that bchs
neurons experience an autophagic block leading to an excess
of early Atg5 compartments, which can be overcome by
expression of the full-length Bchs isoform. Indeed, Bchs isoform1
appears to induce super-normal numbers and intensities
of Atg8 vesicles (Figures 4E,F), as well as increasing the
extent of Syx17 domains, which together reflect the mature
autophagosome (Supplementary Figure S8). This indicates a
likely function of the full-length Bchs protein in maturation of
autophagosomal compartments.

Bchs Colocalizes Preferentially With
Atg5 During Selective Autophagy and
With Atg8 During Non-selective
Autophagy
After autophagy stimulation by nutrient starvation, rapamycin
treatment and Htt polyQ93 expression, it was observed
generally that the size and number of individual Bchs, Atg5
and Atg8 compartments increased compared to non-treated
controls (Figures 5, 6). However, Bchs was homogeneously
distributed throughout the primary neuron and colocalized only
∼20–25% with either marker, RFP-Atg5 or mCherry-Atg8a,
under basal and induced autophagy (Figures 5, 6), which is
surprising in light of earlier findings with Alfy (Simonsen et al.,
2004). We also note that in cases of overlap between Bchs
and the respective markers, the punctae do not completely
colocalize with each other (see merged images in Figures 5, 6),
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FIGURE 4 | Full-length Bchs drives an increase in transition of early Atg5-positive vesicles to Atg8-carrying autophagosomes, and full-length Bchs rescues bchs
neuronal loss, but kills motor neurons in a wild-type background. (A,B) Early autophagic Atg5-positive vesicle number and brightness (fluorescence intensity per
pixel within a spot) in primary larval neurons, with examples of neurons of individual genotypes (C,D), also labeled with anti-poly-ubiquitin (green) and DAPI (blue) to
show cell locations. ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001. (E,F) Late autophagic Atg8-positive vesicle number and brightness in the same genotypes as in (A,B);
examples shown in (G,H). Atg5/Atg8 and DAPI are shown separately to make changes in abundance of the respective marker more visible. Scalebar = 10 µm. (I–N)
RP2 motor neuron survival after GFP-bchs-1 expression via eve-Gal4 in bchs mutant backgrounds bchsLL03462/cl7, bchs17(M)/cl7, or in the control background
(+/+). (J–N) Images of representative neuromuscular junctions in the larval body wall labeled with eve>GFP in the same bchs backgrounds, with or without
GFP-bchs-1. Scalebar = 20 µm.

suggesting their localization on different compartments or
sub-compartments.

The colocalization of endogenous Bchs with transgenically
expressed compartmental markers in response to different
stimuli was analyzed using Intensity Correlation Analysis
(ICA) (Li et al., 2004; Schneider et al., 2012). The Manders’
colocalization coefficient for the green channel (M2) (i.e., the
proportion of the intensity in Bchs-positive (green) pixels

overlapping with that in RFP-Atg5-positive (red) pixels),
decreased during nutrient starvation, but not under rapamycin
treatment (Figures 5A,B,D), indicating that dissociation from
Atg5 compartments may be a specific response to starvation
as opposed to general autophagic induction. In contrast, the
expression of Htt Q93 (but not Q20) led to a significant
increase in Rr, the Pearson’s correlation coefficient, M1
(Manders’ coefficient for the red channel) and M2 values with
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FIGURE 5 | Continued
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FIGURE 5 | Bchs associates with RFP-Atg5 marked compartments during aggrephagy and dissociates from them during starvation-induced autophagy. Third instar
larval primary neurons were immunostained for endogenous Bchs and transgenic RFP-Atg5 using anti-Bchs and anti-DsRed antibodies after different conditions of
autophagy induction: (A) five hours of nutrient starvation by incubation with serum-free HL-3 buffer, (B) five hours of incubation with 50 nM rapamycin in complete
medium, and (C) Htt normal (Q20) and expanded (Q93) polyQ expression. Scalebar = 5 µm. Arrowheads indicate regions of close association between Bchs and
RFP-Atg5. The top-right inset shows a 10× magnification of one of the indicated regions. (D) Colocalization analysis was performed using ImageJ to obtain Rr
(Pearson’s correlation coefficient), Ch1:Ch2 ratio (red:green pixels ratio), thresholded M1 (Manders’ colocalization coefficient for Channel 1) and M2 (Manders’
colocalization coefficient for Channel 2). Error bars represent standard error of the mean for n = number of single-slice images. Unpaired Student’s t-test was used
for the statistical comparison between treatment and non-treatment groups. ∗p < 0.05, ∗∗p < 0.01, and ∗∗∗p < 0.001.

RFP-Atg5 (Figures 5C,D). The ratio of RFP-Atg5 intensity
to endogenous Bchs intensity, expressed by Ch1:Ch2, also
increased, although the transgenic RFP-tagged protein is
expected to be expressed at constant levels. This may be
due to the clearly visible increase in punctate localization
of this marker upon autophagic induction, which would be
expected to be enhanced by the colocalization algorithm during
background subtraction. These results together suggest that Bchs
may associate preferentially with early autophagosomal Atg5
compartments during aggrephagy, and at least partially dissociate
from them during starvation-induced autophagy, moving toward
an Atg8-associated compartment.

Selective Autophagy Lowers Bchs
Colocalization With Rab11-GFP
Rab11 localizes onto recycling endosomes and is required for
early endocytic membrane trafficking and recycling (Ullrich
et al., 1996; Wilcke et al., 2000). Bchs colocalizes partially
with Rab11-GFP in Drosophila embryonic motor neurons and
Rab11 antagonizes Bchs function in synaptogenesis (Khodosh
et al., 2006; Lim and Kraut, 2009). To look at how this
interaction is affected by autophagy, the spatial relationship of
Bchs with Rab11-GFP was investigated in primary neurons in
response to autophagy induction by different conditions. After
autophagy induction by all three methods – nutrient starvation,
rapamycin treatment or Htt polyQ expression – there was a
reduction in colocalization between Bchs and Rab11-GFP as
measured by both the Pearson’s correlation coefficient (Rr)
and M1 (the proportion of Bchs intensity overlapping with
Rab11-GFP), with Htt polyQ giving the strongest reduction
(Figures 7A–D). These data show that Bchs associates less with
Rab11 recycling compartments during the induction of selective
(aggregate-induced) than under non-selective (starvation or
rapamycin-induced) autophagy. However, the number of rab11-
carrying compartments appeared not to be affected by autophagy
induction, tested by using a YFP insertion in the rab11 gene [a gift
of M. Brankatschk and S. Eaton (Dunst et al., 2015)] in primary
neurons treated with rapamycin (not shown).

Live Imaging of GFP-Bchs With
RFP-Atg5 or mCherry-Atg8a During
Autophagy Induction Confirms
Stimulus-Dependent Relocalization of
Bchs
In order to study the dynamics of Bchs interaction with
autophagic vesicles, primary neurons cultured from third
instar larval brains expressing GFP-bchs-1 and RFP-Atg5 or

mCherry-Atg8a were imaged live. GFP-bchs-1 punctae are
localized adjacent to RFP-Atg5 punctae occasionally under
basal autophagy (Supplementary Figure S9 and Supplementary
Movie S1). After nutrient starvation, GFP-Bchs and RFP-
Atg5 appeared more distinct (Supplementary Figure S9B and
Supplementary Movie S2), in agreement with the reduction in
colocalization seen in fixed preparations (Figure 5D). RFP-Atg5
also re-locates nearer to the nuclear membrane after 40 min of
starvation (Supplementary Figure S9B). These structures may
correspond to the phagophore assembly sites, which are thought
to form from omegasomes on the ER (Hayashi-Nishino et al.,
2009; Ylä-Anttila et al., 2009).

After transfection of Htt Q15, occasional GFP-Bchs punctae
adjacent to RFP-Atg5 punctae were observed (Supplementary
Figure S9C and Supplementary Movie S3), similar to basal
conditions. Htt Q128 transfection resulted in observable
colocalization of GFP-bchs-1 and RFP-Atg5 in live neurons
(Supplementary Figure S9D and Supplementary Movie
S4). GFP-bchs-1 in these experiments was distributed
mainly homogeneously throughout the cytosol, similarly to
endogenous Bchs.

Under basal autophagy conditions, some mCherry-Atg8a
punctae were adjacent to GFP-Bchs punctae (Supplementary
Figure S9E and Supplementary Movie S5). After 2 h of
nutrient starvation, however, there was a distinct enlargement
of mCherry-Atg8a autophagosomes (Supplementary Figure
S9F and Supplementary Movie S6). These doughnut-shaped
punctae progressed to a bean-shaped forms, resembling
the cross-section of vesicular compartments (visible in
Supplementary Figure S9F).

When Htt Q15 or Q128 were expressed, there was little
observable coincidence between mCherry-Atg8a and GFP-Bchs
in live cells (Supplementary Figures S9G,H and Supplementary
Movies S7, S8), similar to basal conditions and corroborating
the colocalization analysis (Figure 6D). mCherry-Atg8a
accumulated in a prominent focal swelling along the axon (left
arrow in Supplementary Figure S9H), and an mCherry-Atg8a
streak can be seen moving retrograde toward the focal swelling,
but does not exit from it toward the cell soma, seeming to
indicate a blockage of autophagosomal transport.

DISCUSSION

Physical interactions of the proposed aggrephagy adaptor
and p62-binding BEACH domain protein (Nezis et al., 2008;
Clausen et al., 2010) Bchs with other parts of the autophagic
machinery have been demonstrated in biochemical studies.
However, a convincing demonstration of how autophagic
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FIGURE 6 | Continued
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FIGURE 6 | Nutrient starvation and rapamycin treatment gave a significant increase in the relative quantity of mCherry-Atg8a to Bchs (expressed by the Ch1:Ch2
value), likely explained by an increase in vesicular localization of the transgenically expressed tagged mCherry-Atg8a protein upon autophagy induction (A,B,D). The
amount of Bchs colocalizing with this mCherry-Atg8a (M2) also increased significantly (D). In contrast, Htt Q93 expression did not increase M2 (C,D), as it had with
RFP-Atg5 (compare Figure 5D). These results show that Bchs increases its localization with mCherry-Atg8a-tagged compartments upon general
(starvation-induced) autophagy, but not after aggregate induction.

manipulation might affect neurodegeneration in a bchs mutant
phenotype has never been provided. This is important for two
reasons: first, it is critical to examine effects on the intrinsic
neuronal degeneration caused by loss of function of the gene,
rather than relying solely on ectopic expression of aggregating
proteins and over-expression of the Bchs product, or parts thereof
(Finley et al., 2003; Simonsen et al., 2007; Clausen et al., 2010;
Filimonenko et al., 2010). Second, modulating different steps in
the autophagic pathway in the presence of mild vs. severe loss-of-
function bchs alleles allows the placement of bchs in a hierarchical
framework, thus giving clues to its possible function.

In this study, we carry out epistasis analyses by demonstrating
that the degree of motor neuron loss in bchs, described in an
earlier publication as representing a quantitative measure of
degeneration, can be rescued by genetic and pharmacological
autophagy induction, but only in bchs alleles that retain at least
one of the three newly discovered BEACH-containing protein
isoforms. Indeed, we observe that these isoforms are not equally
or even predominantly associated with autophagosomes in
primary larval brain neurons, and in fact the two shorter isoforms
are often seen to be mutually exclusive with Atg5 and Atg8
expression in individual neurons (see Figure 1). Our autophagic
interaction results suggest that the BEACH domain is essential
for autophagic enhancement to be able to rescue neurons from
degeneration. This was surprising, since Filimonenko et al.
found that the WD40/FYVE region alone was responsible for
binding Atg5 and could by itself mediate aggregate clearance
(Filimonenko et al., 2010). One interpretation of this apparent
contradiction is that aggregate non-clearance by itself may not be
the sole or even primary cause of degeneration. Indeed, the most
strongly degenerative loss of function allele, bchs58(O), did not
have the most severe aggregate accumulation.

Autophagy inhibiting drugs not only exacerbated neuronal
death in the weaker bchs mutants but, importantly, also
phenocopied bchs, showing that autophagy inhibition alone
induces a similar extent of motor neuron death as is seen in
bchs larvae. However, strong loss of function of bchs apparently
impairs autophagy to such an extent that it is refractory to further
exacerbation by these drugs. Consistent with this, strong bchs loss
of function is only marginally significantly rescued by rapamycin,
which triggers Atg1 activity, leading to the conclusion that Bchs
functions downstream of Atg1 (Mizushima, 2010).

Epistatic relationships with Atg7 are strikingly similar to
the aforementioned with autophagy inhibitors. Atg7 loss by
itself phenocopies bchs, but only exacerbates weaker bchs alleles.
Conversely, overexpression of Atg7, unlike rapamycin, is able to
rescue even the loss of all BEACH domain Bchs isoforms. This
would be surprising if Bchs were a strictly selective autophagy
receptor for aggrephagy, and argues that a general boost in

autophagy via Atg7 suffices to ameliorate neuronal death. These
pieces of evidence suggest that Bchs acts upstream of Atg7
in the same pathway, and that the block in autophagy can
be overcome by Atg7, although Atg7’s function in conjugation
of the Atg12-Atg5-Atg16 complex is nominally upstream
of the step toward mature lipidated Atg8-carrying vesicles
(schematized in Figure 8).

The accumulation of Atg5 compartments in bchs mutants,
but a greatly increased number and intensity of Atg8-carrying
vesicles after Bchs over-expression (Figure 4), indicate that
Bchs may be involved in the progression from earlier steps of
autophagy, wherein it associates with Atg5-positive phagophores
during the induction of aggrephagy, to later Atg8-involving
steps (schematized in Figure 8, top panel, left). Such a role
for Bchs is also consistent with the greatly increased quantity
of p62/Ref(2)p marker in bchs mutants, which we documented
in an earlier publication (also see Supplementary Figure S1D;
Hebbar et al., 2015).

Interestingly, and contrary to expectations based on earlier
publications proposing a strictly aggrephagy-related role for
Bchs (Filimonenko et al., 2010), we observe low overall
colocalization in resting neurons with autophagy machinery
in general (Rr is on the order of 0.2–0.25 for Atg5 and
Atg8), and even anti-localization of the shorter 2nd and
3rd isoforms (see Figure 1). Moreover, the autophagosome-
colocalizing population of Bchs associates with different vesicle
populations, dependent on the autophagy-inducing agent. Our
results support a scenario whereby aggregating proteins–Htt
polyQ in this case– increase Bchs’ association with (presumably
early) Atg5-compartments, whereas starvation suppresses Atg5
localization in favor of mature Atg8 compartments. As indicated
above, these observations may point to multiple Bchs functions,
and different factors contributing to neuronal degeneration in
addition to a strict role of aggrephagy (Lim and Kraut, 2009).

Low overall colocalization of Bchs with early and late
autophagosomes contrasts with the high colocalization (Rr of
∼0.7) with Rab11, which is reduced by various forms of
autophagic induction (see Figure 7). Bchs and Rab11 are
postulated to perform antagonistic roles (Khodosh et al., 2006;
Lim and Kraut, 2009), with Bchs promoting synaptogenesis
while Rab11 inhibits it. Rab11 may antagonize Bchs through
competitive routing of autophagosomal membrane sources under
different autophagy stimuli (Longatti et al., 2012; Puri et al.,
2013), for example under fed vs. starv conditions, although
a change in rab11 vesicle number, size, or intensity was not
apparent after autophagy induction (data not shown).

A previous study found Bchs enriched in vesicles at synaptic
boutons of larval axon terminals (Khodosh et al., 2006). Notably,
the initiation of autophagosome biogenesis occurs distally and
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FIGURE 7 | Continued
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FIGURE 7 | Bchs dissociates more from Rab11-GFP during selective autophagy than non-selective autophagy. Third instar larval primary neurons were
immunostained for endogenous Bchs and transgenic Rab11-GFP using anti-Bchs and anti-GFP antibodies after different conditions of autophagy induction: (A) five
hours of nutrient starvation by incubation with serum-free HL-3 buffer, (B) five hours of incubation with 50 nM rapamycin in complete medium, and (C) Htt normal
(Q20) and expanded (Q93) polyQ expression. The top-right inset shows a 5× magnification of one of the indicated regions. Scalebar = 5 µm. (D) Colocalization
analysis was performed using ImageJ to obtain Rr (Pearson’s correlation coefficient), Ch1:Ch2 ratio (red:green pixels ratio), M1 and M2 (Manders’ colocalization
coefficients for channels 1 and 2). Error bars represent standard error of the mean for n = number of single-slice images. Unpaired Student’s t-test was used for the
statistical comparison between treatment and non-treatment groups. ∗p < 0.05, ∗∗p < 0.01, and ∗∗∗p < 0.001.

constitutively in the neurite tips of mouse primary neurons
and these then mature as they are transported retrograde in
a dynein-dependent manner toward the cell soma (Maday
et al., 2012). Further, fusion between autophagosomes and late
endosomes at neuronal termini is required for recruitment of the
necessary motor proteins for retrograde transport of the fused
compartment, the amphisome (Cheng et al., 2015). Given the
role of BEACH domain proteins in vesicle fusion events, and
Bchs’ effects on transport of endolysosomes in motor neuron
axons (Lim and Kraut, 2009), involvement in this early step of
autophagic clearance in synaptic termini (Friedman et al., 2012)
seems a likely scenario for its function.

A number of exocytic SNARE proteins are required at the
step of autophagosome biogenesis to promote Atg9 recycling
through tubulo-vesicular clustering and membrane fusion at
phagophore assembly sites (Nair et al., 2011). In addition,
the Q-SNARE Syx17 mediates the fusion of autophagosomes
with late endosomes and lysosomes in mammalian cells and
Drosophila (Itakura et al., 2012; Takáts et al., 2013). Intriguingly,
the BEACH protein LYST binds to SNARE proteins (Tchernev
et al., 2002), and we also detected Bchs-dependent changes in
Syx17 distribution in neurons, raising the possibility of Bchs
interacting with this or other SNAREs to promote vesicle fusion.
On the other hand, our finding of increased numbers of Atg8
vesicles after over-expression of the large BEACH isoform is
reminiscent of the increased numbers of lysosomes that were
seen after LYST over-expression (Durchfort et al., 2012). This
would be consistent with a similar role in vesicle fission (not
fusion), as LYST and related proteins are thought to perform
(Kypri et al., 2013), whereby BEACH proteins are implicated
as accessories in both fission and fusion events of different
vesicle populations (Cullinane et al., 2013). Bchs’ possible role
in vesicle trafficking and membrane dynamics, in the context
of its recently reported genetic interactions with sphingolipid
lipases (Hebbar et al., 2015) will be an interesting avenue to
investigate in the future.

MATERIALS AND METHODS

Drosophila Stocks and Maintenance
Flies were raised on standard yeast/cornmeal agar food at
25◦C. The fly lines used were bchs58(O), bchs58(M), bchs17(M),
Df(2L)clot7, yw; EPgy2 Atg7[EY10058] (Bloomington Drosophila
Stock Center); w; Atg7[d77]/CyO-GFP, and yw; UAS-mCherry-
Atg8a and UAS-Atg1(6A) were kindly provided by Thomas
Neufeld. yw;+; UAS-RFP-Atg5, w;+; UAS-Rab11-GFP, and
the Htt-polyQ expressing lines w; UAS-Htt exon1-Q20 and

-Q93 were generous gifts of Katja Köhler, Sean Sweeney,
Henry Chang, and Larry Marsh, respectively. The bchsLL03462
and UAS-Atg1GS10797 stocks were obtained from Drosophila
Genomics and Genetic Resources Stock Center in Kyoto
Institute of Technology. bchs RNAi line #45028 was from
the Vienna Drosophila Resource Center (VDRC). The eve-
Gal4>UAS-CD8-GFP stock (an even-skipped driver combined
with a membrane-bound GFP marker) was a kind gift
of Miki Fujioka.

RT-PCR of bchs and atg7 Transcripts
and Generation of GFP-Bchs
Larval or adult brains were homogenized in 400 µL of
TRIzol R©reagent (Life Technologies, 15596-026), and total
RNA was extracted with chloroform:TRIzol R©1:5. RT PCR was
performed using Promega (A5000) M-MLV reverse transcriptase
as per manufacturer’s instructions, and PCR was carried out
on each cDNA sample with GoTaq R©polymerase (Promega,
M3005). Gene specific primers used to amplify bchs splice
isoform 2 were forward = GCAAACAGTTCAGACAATATAC
and reverse = AAGATCCTTTATCAGCTGCTTGGC, and splice
isoform 3 were forward = GATGGACAGAAAACGATGCTACC
and reverse = TTCGCAGGATGAATTTCTCGTG. atg7 specific
primers were: forward = TCCGCAGACGGATTGATCTC and
reverse = TGAACATCGATGACAGCCTTG; PCR primers for
rp49 were: forward = AGTCGGATCGATATGCTAAG and
reverse = AGTAAACGCGGTTCTGCATG. bchs isoforms were
cloned into pUAST vector containing a GFP tag at the 5′ end.
Transgenic animals were generated by Best Gene (Chino Hills,
CA, United States).

Motor Neuron Viability Assay
Third instar larvae were dissected, fixed 30 min in 4%
paraformaldehyde (Sigma Aldrich, P6148), blocked 1 h in 5%
bovine serum albumin (BSA) (PAA Laboratories, K41-001)
in 0.1% Triton X-100 PBS (PBT), and incubated overnight
at 4◦C with primary antibodies: 1:500 anti-GFP (Clontech
Laboratories, 632377), 1:10 1D4 anti-fasciclin II and 1:20
22C10 anti-futsch (Developmental Studies Hybridoma Bank),
and washed in PBT. Secondary antibodies were 1:800 Cy2-
conjugated goat anti-rabbit and 1:800 Cy3-conjugated goat anti-
mouse (Jackson ImmunoResearch Laboratories, 111-225-144 and
115-165-146) in PBT. Motor neuron viability was scored by
inspection. RP2 survival was scored as a percentage over total
hemisegments and repeated in triplicate. Chi-square statistical
test was performed.
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FIGURE 8 | Continued
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FIGURE 8 | Schematic model of the possible relationship of Bchs and the autophagy pathway in the clearance of aggregated proteins and Atg8-carrying vesicle
production. In the wild type situation (top), Bchs associates preferentially with Atg5 during the induction of aggrephagy (squiggly lines), and this association is
suppressed by starvation-induced autophagy, wherein Bchs colocalizes more with Atg8. In the bchs case (middle), full maturation to Atg8-marked vesicles is
reduced (—>X), and this is epistatic to upstream PI3K activation or inhibition by Atg1 or 3MA, but can be overcome by over-expressing Atg7 (thick arrows). Bchs
over-expression (bchs OE; bottom) drives the maturation of autophagic vesicles to the Atg8-marked stage.

Drug Treatments and Western Analysis
Embryos were collected every 3 h on apple juice agar plates,
and incubated at 25◦C for 24 h; hatching first instar larvae were
transferred into 2.0 mL Eppendorf tubes with food containing
0.05% (v/v) ethanol (vehicle control), 1 µM rapamycin (AG
Scientific), 0.2 or 2 µM Wortmannin (AG Scientific; R-1018)
or 5 mM 3-methyladenine (Calbioche R©m, Merck Millipore,
189490), and dissected as third instar larvae. 10 µM Chloroquine
was added to primary cultures for 2 h before fixation and staining
with anti-mCherry. For Westerns, 5 third instar larval brains
or 3 heads per treatment per lane were collected, frozen on
dry ice, and ground with a pestle in RIPA lysis buffer (Thermo
Fisher Scientific) with protease inhibitor cocktail. Rabbit anti-
Bchs [for details see Lim and Kraut (2009)] or Rabbit anti-pS6K
(Cell Signaling) were diluted 1:6000 and 1:1000, respectively,
incubated on blots overnight at 4C, and detected with HRP-
coupled secondary and SuperSignal West Pico plus reagent
(Thermo Fisher Scientific).

Quantitative Size Analysis of
Ubiquitinated Aggregates in Larval
Neuromuscular Junctions
Aggregates were detected with 1:1000 mouse anti-poly-ubiquitin
(clone FK2, Enzo Life Sciences, BML-PW8810) and 1:800 Cy5-
goat anti-mouse and 1:500 Cy2-goat anti-horse radish peroxidase
(Jackson ImmunoResearch Laboratories, 115-175-146 and 123-
095-021). Image stacks were acquired under 40× objective lens
with a DeltaVision OMX R©microscope (Applied Precision) and
deconvolved with softWoRx R©5.0. To measure aggregate area,
ImageJ particle analysis was used (Ullrich et al., 1996). The
measurement scale (in microns) was defined on the image
projection, adjusted to a segmentation threshold of 70, and
converted to a binary image. A region of interest (ROI) was
marked and ‘Analyze Particles’ used to measure the area of
particles within the ROI. Particle size was categorized into 0–
1, 1.1–10, and 10.1–50 µm2. Percentages of neuromuscular
junctions with aggregates in each of the three groups were
calculated for each experimental set, which was repeated in
triplicate, and a Chi-square statistical test was performed.

Primary Neuron Culture From Third
Instar Larval Brains, and Imaging of
GFP-Bchs-1
The protocol was modified from Kraft et al. (2006). Larvae were
washed with 90% ethanol three times and sterile water twice to
remove debris and contaminants. Four third instar larval brains
were extracted in Shields and Sang, bacto-peptone and yeast
extract (Sigma-Aldrich, S8398) medium containing penicillin-
streptomycin and antibiotics-antimycotics (PAA Laboratories,

P11-002), washed with sterile hemolymph-like 3 (HL-3) saline
(70 mM NaCl, 115 mM sucrose, 5 mM trehalose, 5 mM KCl,
20 mM MgCl2, 1 mM CaCl2, 10 mM NaHCO3, 5 mM HEPES,
pH 7.4) three times, and incubated with 0.5 mg/mL collagenase
type 1 (Sigma-Aldrich, C1639) in HL-3 1 h at room temperature.
Brain tissue was then washed three times with complete
medium with 10% heat-inactivated fetal bovine serum (HyClone,
Thermo Fisher Scientific, SH30070.03), 20 µg/mL of bovine
pancreas insulin (Sigma-Aldrich, I1882), penicillin-streptomycin
and antibiotics-antimycotics. Brains were dissociated into a final
volume of 150 µL as a single cell suspension by trituration
and then aliquoted onto 22 mm2 acid-washed cover-slips coated
with 30 µg/mL of mouse laminin (BD Biosciences, 354232)
and 167 µg/mL of concanavalin A (Sigma Aldrich, C0412) in
35 mm culture dishes and allowed to attach ∼12 h. 900 µL
of complete medium was added to the culture dish and
incubated for 1–4 days.

For the colocalization in Figure 1, live primary neurons
from larval offspring of elav-Gal4>mCherry-Atg8a or elav-
Gal4>UAS-RFP-Atg5 crossed with UAS-GFP-bchs-1, 2, or 3 were
imaged at 60× magnification on the DeltaVision microscope
as above, using Z-stack acquisition of 200 nm optical slices
with interleaving green and red channels at 150 ms exposures.
100 image stacks for each colocalization were examined at each
Z-level, and where vesicular localization of the Bchs isoform
was detectable, the individual vesicle was then visually inspected
in red/green image pairs for complete, non-, or partial overlap
of Bchs with mCherry-Atg8a or RFP-Atg5. The colocalization
algorithm used below was not applied here because of a high
cytoplasmic expression level of the GFP-Bchs isoforms. Each
vesicle expressing Bchs was only counted once. Standard error
was calculated by averaging the percentages in each of the three
categories (“yes,” “no,” or “partial”) over the data separated into
three equal batches of images.

Immunocytochemistry and Image
Analysis of Compartments in bchs
Primary Neurons
bchs and wild-type primary neurons were fixed with 4%
paraformaldehyde in PBS for 15 min at room temperature and
blocked with 5% normal goat serum (Life Technologies, 50-
062Z) in 0.05% Triton X-100 PBS for 1 h. Antibody staining
was performed as above with 1:1000 mouse anti-poly-ubiquitin
(clone FK2, Enzo Life Sciences, BML-PW8810) and 1:500
rabbit anti-drAtg5 (Novus Biologicals, NB110-74818) or 1:500
rabbit anti-drAtg8a (a kind gift of Katja Köhler); anti-p62
(1:500) was kindly donated by Nezis et al. (2008). Samples
were incubated with 1 µg/mL of 4′,6-diamidino-2-phenylindole
(DAPI), dihydrochloride (Life Technologies, D1306) in PBS for
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3 min, washed briefly with PBS, then water, and imaged at
60×magnification.

For the image analysis in Figure 4, images of primary neuron
cultures were acquired as Z-stacks, with the step of 200 nm
in between slices, using the same exposure, light intensity and
filter settings for every condition. Collected stacks were then
deconvolved as above, and converted into 16-bit TIFF stacks in
FIJI1 using LOCI BioFormats plug-in (Linkert et al., 2010). Each
stack was then Z-projected using the maximum intensity method.
Images were inspected under DAPI channel and only single cells,
or small aggregates (<5 cells) with clearly separated cell nuclei
were used for further spot counting. Because of varying spot
intensity relative to cell body, and variable background signal,
spots were counted manually, after setting the same display range
of values. The cell number N used for calculations varied between
conditions (Naverage ∼100), but was not less than Nmin = 50. The
average spot number per cell and the standard error of the mean
(SEM) were calculated. To measure spot characteristics, projected
images were masked using the Maximum Entropy threshold
method (Kapur et al., 1985). Brightness and size distribution
and SEM of selected spots were measured using the Analyze
Particles FIJI command.

Analysis of mCherry-Atg8 and Syx17 compartment size and
brightness for Supplementary Figure S8 was carried out on
images acquired with a Yokogawa Spinning Disk confocal
microscope with a 100×/1.4 NA Silicon immersion lens, using
the Fiji plugin “find maxima” with the same manual threshold
for all images, such that obvious spots of expression could
be detected. All images were collected with identical exposure
and laser power settings for the mCherry and Syx17 channels,
and controls were processed in parallel for all experiments.
For each condition, 80–100 individual images each with several
neurons were assessed.

Quantitative Colocalization Analysis of
Bchs With Different Compartmental
Markers
Autophagy was induced in primary neurons by 5 h of
nutrient starvation with HL-3, 5 h of 50 nM rapamycin in
complete medium or Huntingtin Q93 expression. Controls (basal
autophagy) were incubated in complete medium. Antibody
staining was performed as above. For mCherry-Atg8a or RFP-
Atg5, primary antibodies were 1:500 rabbit anti-Bchs and 1:100
mouse anti-DsRed (BD PharmingenTM, 551814). For Rab11-
GFP, primary antibodies were rabbit anti-Bchs and 1:1000
mouse anti-GFP (Clontech Laboratories, 632375). Colocalization
analysis was done with the ImageJ plugin ‘Intensity Correlation
Analysis’ after channel splitting and background subtraction
(Li et al., 2004). Rr (Pearson’s correlation coefficient), Ch1:Ch2
ratios, M1 and M2 (Manders’ colocalization coefficient for
channel 1 and 2, with thresholding) were tabulated for each
image. Unpaired Student’s t-test was used to calculate p-values
between treated and control groups.

1http://fiji.sc

Time-Lapse Imaging of GFP-Bchs With
RFP-Atg5 or mCherry-Atg8a in Primary
Neurons
Primary neurons expressing GFP-Bchs and RFP-Atg5 or
mCherry-Atg8a transgenes via elav-Gal4 were cultured on
35 mm glass bottom dishes (World Precision Instruments,
FD35-100) coated as described above. For basal autophagy,
cells were incubated in complete culture medium at room
temperature and single focal-plane images were acquired
for GFP-Bchs: green channel = 50% transmission, 800 ms;
RFP-Atg5: red channel = 50% transmission, 800 ms; and
mCherry-Atg8a: red channel = 32% transmission, 600 ms,
every 10 min over 4 h, and deconvolved. For nutrient
starvation, neurons were incubated in HL-3 saline at room
temperature and immediately imaged as described. For
transfection of Huntingtin 15Q or 128Q, 3 µL of FuGENE R©HD
transfection reagent (Promega, E2311) was used to couple
1 µg of pCINeoHtt1955.15Q.wt or pCINeoHtt1955.128Q.wt
plasmid DNA (kind gift of Anat Yanai and Mahmoud
Pouladi), respectively in a 3:1 ratio in a final volume of
50 µL complete culture medium without penicillin/streptomycin
and antibiotics/antimycotics for 10 min at room temperature,
and added to the cells with 1 mL of complete culture medium
without penicillin/streptomycin and antibiotics/antimycotics for
48 h (without medium change).
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Biological membranes constantly modulate their fluidity for proper functioning of the
cell. Modulation of membrane properties via regulation of fatty acid composition has
gained a renewed interest owing to its relevance in endocytosis, endoplasmic reticulum
membrane homeostasis, and adaptation mechanisms in the deep sea. Endowed with
significant degrees of freedom, the presence of free fatty acids can alter the curvature
of membranes which in turn can alter the response of curvature sensing proteins,
thus defining adaptive ways to reconfigure membranes. Most significantly, recent
experiments demonstrated that polyunsaturated lipids facilitate membrane bending and
fission by endocytic proteins – the first step in the biogenesis of synaptic vesicles.
Despite the vital roles of fatty acids, a systematic study relating the interactions
between fatty acids and membrane and the consequent effect on the bio-mechanics
of membranes under the influence of fatty acids has been sparse. Of specific interest
is the vast disparity in the properties of cis and trans fatty acids, that only differ
in the orientation of the double bond and yet have entirely unique and opposing
chemical properties. Here we demonstrate a combined X-ray diffraction and membrane
fluctuation analysis method to couple the structural properties to the biophysical
properties of fatty acid-laden membranes to address current gaps in our understanding.
By systematically doping pure dioleoyl phosphatidylcholine (DOPC) membranes with cis
fatty acid and trans fatty acid we demonstrate that the presence of fatty acids doesn’t
always fluidize the membrane. Rather, an intricate balance between the curvature,
molecular interactions, as well as the amount of specific fatty acid dictates the fluidity
of membranes. Lower concentrations are dominated by the nature of interactions
between the phospholipid and the fatty acids. Trans fatty acid increases the rigidity
while decreasing the area per lipid similar to the properties depicted by the addition of
saturated fatty acids to lipidic membranes. Cis fatty acid however displays the accepted
view of having a fluidizing effect at small concentrations. At higher concentrations
curvature frustration dominates, leading to increased rigidity irrespective of the type
of fatty acid. These results are consistent with theoretical predictions as detailed in
the manuscript.
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INTRODUCTION

Biomembranes are composed of a wide variety of lipids,
fatty acids, proteins, and cholesterol that play a crucial
role in membrane-mediated processes. The composition
of membranes is actively regulated to maintain membrane
fluidity, structure, viscosity, and stress (Funari et al., 2003).
Modulation of these biophysical properties can be monitored to
understand membrane-associated processes like protein–lipid
interactions, enzymatic activity, and regulation of surface
receptors (Klausner et al., 1980).

One class of biomolecule that crucially affects membrane
fluidity is fatty acids. Occurring as mono- or poly-unsaturated
chains, fatty acids play a crucial role in various cellular
processes (DeLong and Yayanos, 1985; Shaikh and Edidin,
2006; Mota et al., 2013; Picard and Daniel, 2013; Turk and
Chapkin, 2013). For example, in neurodegenerative disorders
like Alzheimer’s disease and Huntington disease, disruptions
in fatty acid biosynthesis have been closely associated with
the progression of the disease. One theory suggests that
Sterol Regulatory Element Binding protein (SREBP) regulates
lipid homeostasis by sensing the level of cholesterol in the
cell, and provides negative feedback in synthesizing more
cholesterol. Upon activation, SREBP acts as a transcription factor
and stimulates expression of enzymes that regulate the fatty
acid biosynthesis pathway (Sameni et al., 2018). The reduced
biosynthesis of cholesterol and fatty acids is one of the early
events in Huntington disease. Similar roles of perturbation
of membrane fluidity upon addition of fatty acids have
been reported recently. Piezo1, a mechano-sensitive channel,
regulates crucial cellular processes like vascular architecture,
cell migration, and erythrocyte volume. A study revealed
that membrane fluidity was sensitive to the type of fatty
acids incorporated, which in turn affected the activation of
Piezo1 (Romero et al., 2019). Understanding how fatty acids
affect membrane fluidity thus poses a biologically relevant
challenge. Coupling the bio-mechanical properties of membranes
with structural reorganization taking place as a result of
addition of biomolecules could act as a powerful bio-marker
in identifying the onset of disease. One of the advantages of
using membrane mechanics as a biomarker lies in delineating the
need to map complex, less known biochemical events that alter
membrane function.

Motivated by developing a complete structure – mechanics
study of the effect of fatty acids on lipid membranes, we combined
X-ray diffraction measurements (structural information) with
bending energy measurements (Bio-mechanical information) on
phospholipid membranes doped with fatty acids. As a proof-
of-concept, we demonstrate the effect of two mono-unsaturated
fatty acids, oleic acid (OA) and elaidic acid (EA) differing in
the cis–trans configuration of the double bond (Figure 1), on
dioleoylphosphatidylcholine (DOPC) bilayers. Both OA and EA
have same molecular weight but the presence of a kink in OA
makes them structurally different; EA has a more cylindrical
shape and resembles saturated fatty acids. Here, we sought to
understand how molecular conformations of EA and OA effect
lipid bilayer membrane structure and mechanics.

FIGURE 1 | Structures of oleic and elaidic acids. Oleic acid and elaidic acids
are congeners with a double bond at the 9th carbon position. Oleic acid has a
kink due to the cis double bond.

Both EA (trans) and OA (cis) have been shown to be associated
with a variety of health conditions like coronary heart disease,
atherosclerosis, Alzheimer’s disease, diabetes, and cancer (Yang
et al., 2011; Yaghmur et al., 2012; Turk and Chapkin, 2013). In
the case of type 2 diabetes, it was reported that presence of cis
fatty acids changes membrane flexibility which in turn causes
a disruption in glucose transporter protein activity (Weijers,
2016). OA has also been associated with disruption of secretion
of growth hormones associated with obesity by affecting the
functioning of membrane proteins and proton flux across bilayers
(Martin−Moreno et al., 1994; Hardman, 2004; Menendez et al.,
2006; López-Miranda et al., 2010).

Given the importance of free fatty acids in cellular function,
various biophysical studies have been carried out using
artificial minimal systems. For example, structural changes
in the bilayer membrane upon addition of fatty acids have
been performed using X-ray diffraction and NMR techniques
(Jilausner et al., 1980; Seddon et al., 1997; Templer et al., 1998;
Inoue et al., 2001; Patel et al., 2001; Funari et al., 2003; Roach
et al., 2004; Booth, 2005; Árnadóttir and Chalfie, 2010; Soubias
et al., 2010; Yang et al., 2011; Vanni et al., 2014; Shaikh et al.,
2015). X-ray diffraction studies by Seddon et al. (1997, 2006)
revealed that addition of fatty acids influences membrane gel
to L-alpha phase transitions and alters the lateral stress profile
across the monolayer, favoring curved hexagonal and/or cubic
phases. Upon addition of fatty acids to PC membranes the
hydrophilic/hydrophobic balance is altered. This in turn affects
the headgroup area to volume ratio which induces a curvature
stress causing the transition to non-lamellar phases. In other
studies (Mareš et al., 2008; Perutkova et al., 2009; Perutková et al.,
2011), a closer look at the pivotal plane radius as a function of
chain stiffness and internal curvature revealed that the increase
in chain stiffness and internal curvature leads to a reduced pivotal
plane radius favoring hexagonal phase transitions.

To obtain both structural as well as mechanical properties of
bilayer membranes in response to the addition of EA and OA,
we combined (a) vesicle fluctuation analysis on giant unilamellar
vesicles (GUVs) for extracting the bending rigidity using our
in-house algorithm, and (b) performed X-ray diffraction studies
on simple DOPC/EA and DOPC/FA lipidic systems. Our results
demonstrate that both EA and OA increase the bending rigidity
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of the membrane. Structural studies using X-ray diffraction on
fatty acid containing membranes show a topological transition
to non-lamellar inverse hexagonal structures in both EA and OA
containing membranes.

Based on the previous models described above, we expect an
increase in the bending rigidity of GUVs upon addition of fatty
acids owing to the increase in curvature frustration. Systematic
addition of EA and OA to DOPC membranes, however, induced
different effects on the bending rigidities, with EA containing
DOPC vesicles showing a smaller increase compared to the OA
containing vesicles. Interestingly, these results are consistent with
theoretical predictions, as discussed below.

EXPERIMENTAL

Materials and Methods
1,2-Dioleoyl-sn-glycero-3-phosphocholine (DOPC), OA, and
EA were bought from Sigma–Aldrich, Inc. (Gillingham,
United Kingdom). The lipids had a purity of >99% and were
used without further purification.

Sample Preparation for SAXS
Measurements
Each lipid was freeze-dried individually, and samples were
prepared by either mixing the desired amount of dry or
stock solutions of lipids or dissolving them in chloroform.
They were subsequently vortexed, dried under a steam of
N2 gas, and lyophilized for a minimum of 24 h. Samples
were hydrated with 70 wt% HPLC grade water (VWR,
United Kingdom) and subjected to a minimum of five freeze–
thaw cycles in order to achieve reproducibility and sample
homogeneity. Due to the lack of ions in the HPLC water,
its pH couldn’t be tested accurately using a pH meter but
when tested with a pH universal indicator strip (Merck,
Germany) it was shown to lie between 5 and 6. For the pH-
dependent studies the pH of HPLC grade water was adjusted
using HCl and NaOH to give a value of 3, 4, 5, 6, and
7 (±0.1) at 25◦C as judged by a pH meter and universal
indicator strips.

Preparation of GUVs
Bending rigidity measurements were performed on GUVs that
were produced using the electroformation method (Miglena and
Dimitrov, 1986; Angelova et al., 1992). Briefly, lipid mixtures
were dissolved in 9:1 CHCl3:CH3OH solution at a concentration
of 0.8 mg/ml. Two microliter drops of the solution were spread
on ITO-coated glass plates and dried in a lyophilizer for 30 min.
A 1 mm thick PDMS spacer was sandwiched between the two ITO
plates to hold the solution used to hydrate the sample. The well
was then filled with 100 mM sucrose solution. An AC voltage of
2.6 V at 10 Hz was applied to the plates for 3 h. The voltage was
then increased to 4.6 V and the frequency reduced to 4.4 Hz for
15 min. The temperature was set so that the lipids were always
below their chain melting temperature (24◦C). GUVs were in the
size range of 10–50 µm.

Giant unilamellar vesicles were re-suspended in 125 mM
glucose solution. A visualization chamber was made using a
50 × 25 mm glass coverslip and an acrylic well. Around 80 µl
of glucose solution was added into the well. Twenty microliters of
GUVs were suspended into the glucose solution. The chamber
was sealed with a cover slip to avoid air currents and reduce
stray light due to scattering. The relaxation time scales of these
fluctuations are in the range of a few milliseconds to a few
seconds. The relaxation time decreases as the cubic power of the
mode number. For example, the relaxation time scale τm is given
by τm ∼4ηR3/κcm3 where τm is the relaxation time for a given
mode m, η is the viscosity of the medium, R is the radius of
the vesicle, and κc the bending rigidity (Henriksen et al., 2004).
This means that higher modes have shorter characteristic time
scales. For video recording, a fast CMOS camera from Infinity
(Lumenera, INFINITY 1-2 2.0 megapixel) was used. In order to
capture the fluctuations, the camera integration time (exposure
time) should be as short as possible. The exposure was kept to
1 ms and videos of approximately 1 min in time were recorded.
All measurements were taken at 24◦C.

Bending Rigidity
Vesicle fluctuation analysis (VFA) was used to extract the
bending rigidity of the quasi spherical fluctuating vesicles
(Figure 2). Briefly, the edges of the fluctuating vesicles were
extracted using a fully automated LABVIEW routine based
around the maximum intensity fitting of the bright edges. For
a symmetric composition membrane, the spontaneous curvature
vanishes. For small deformations in a membrane, the deviations
from the mean shape are Fourier transformed and using the
equipartition theorem, the mean square amplitude of each mode
(qx) is given by:

〈h(qx, y = 0)2
〉 =

1
L

kBT
2σ

 1
qx
−

1√
σ
κc
+ q2

x

 (1)

where kB is the Boltzmann constant, T is the temperature, σ is the
membrane tension, κc is the bending rigidity, and L is the average
circumference of the vesicle contours taken over all frames.

For bending dominated fluctuations, where σ(
q2

x
κc

) → 0

We have

〈h(qx, y = 0)2
〉 =

1
4L

kBT
κcq3 (2)

where L = 2π<r> is the average circumference of the contour of
all frames. Experimentally, it is required to calculate the Fourier
transformation of the fluctuations about the mean radius of
vesicle and relate it to the continuous Fourier transform h(q).
After finding the co-ordinates of the contour and representing
them in polar coordinates, the mean radius of the vesicle <r>
is calculated for all r(θn), where n is the number of points on
the circumference per frame, over all frames. The amplitude of
fluctuation about the mean radius is given by hm = r(θn)−<r>.
The FFT of the fluctuations is performed by using an inbuilt
LabVIEW function.
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FIGURE 2 | (A) Sample image of a fluctuating vesicle at 23◦C (B) The contour extracted is converted to r-theta which is further Fourier transformed to obtain a
power spectrum as shown in (C). All the automation routines are built in-house using LabVIEW software.

We consider only in-plane fluctuations since only these
fluctuations can be captured with the microscope. Different
modes depict regimes of the power spectrum governed by
different parameters. The lower modes are mainly dominated by
tension, or displacement factors of the vesicle. The intermediate
regime (approx. between modes 6 and 20) represents the bending
dominated region. This region is fit to the above equation to
extract the bending rigidity. Detailed description of the method
can be obtained from many excellent articles on the subject
(Pécréaux et al., 2004; Yoon et al., 2010). The fluctuation
analysis technique used here was developed in-house, and is
described in depth in previous articles (see the Supplementary
Information of Henriksen et al., 2004) (Elani et al., 2015;
Purushothaman et al., 2015).

SAXS Measurements
X-ray experiments were carried out using a custom-built small
angle X-ray beamline having a microsource X-ray generator
(Bede Ltd., Durham, United Kingdom) producing X-rays with
λ = 1.54 Å. A low divergence (2 mrad) X-ray beam is generated
by monolithic poly-capillary optics (X-ray Optical Systems, Inc.,
United States). Diffraction patterns were recorded on a Gemstar
intensified CCD X-ray detector (Photonic Science Ltd., Battle,
United Kingdom). Sample capillaries were mounted in a custom-
designed copper sample holder with Peltier temperature control
(Melcor, United States), having an accuracy of ±0.1◦C. The
sample to detector distance was set to 200 mm, giving an
accessible q range between 0.39 and 0.048 Å−1. Samples were
allowed to equilibrate for 10 min before each diffraction pattern
was recorded.

Silver behenate (layer spacing d = 58.38 Å) was used
to calibrate the low-angle X-ray diffraction data for all
measurements. Diffraction images were analyzed using the IDL-
based AXcess software package, developed in-house by Dr. A.
Heron (Seddon et al., 2006). All the experiments were performed
on three independent samples for each composition.

RESULTS AND DISCUSSION

We first performed small angle X-ray diffraction measurements
to investigate the effect of compositional variation of fatty acids
in DOPC membranes. The phase behavior of DOPC membranes
with varying composition of fatty acids is presented below. Next,
we describe the biomechanics of membranes containing cis and
trans free fatty acids by extracting the bending rigidity of GUVs,
using the fluctuation analysis developed in-house.

Phase Behavior
The phase behavior of DOPC:OA mixtures at limited hydration
has recently been explored (Gillams et al., 2014). Here we
investigate the phase behavior of DOPC:OA and DOPC:EA
mixtures of up to 40 mol% fatty acid in excess (HPLC water,
pH ∼5.5) water (70 wt%) at 25◦C. DOPC:OA mixtures in HPLC
water containing up to 20 mol% OA adopt a lamellar phase
which slightly shrinks in layer spacing as the concentration of
OA increases (Figure 3). At 30 mol% OA the lamellar phase is
seen to coexist with a small broad hump under the first- and
second-order reflections, and its lattice parameter is shifted to
higher values (Gillams et al., 2014). Previous studies have shown
that DOPC:OA mixtures at limited hydration form a lamellar
phase coexisting with swollen Pn3m and Im3m cubic phases
at 20 mol% OA. They also observed a hexagonal (HII) phase
coexisting with the swollen cubic phases at 30 mol% OA (Gillams
et al., 2014). Due to the accessible q-range in our set-up we
cannot determine whether the lamellar phase at 30 mol% OA is
coexisting with swollen cubic phases. However, the similarity in
phase behavior between the two studies indicates that it might be
possible to attribute the broad hump to higher order reflections
of swollen cubic phases, which are unresolved. At 40 mol% OA,
the system transforms to a pure HII phase with a layer spacing
of 74.6± 0.05 Å.

The phase behavior of DOPC:EA mixtures is similar. Between
10 and 30 mol% EA a pure lamellar phase is formed which
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FIGURE 3 | X-ray diffraction images of (A) DOPC + Elaidic acid (EA) and (B) DOPC + Oleic acid (OA) mixtures. As the amount of fatty acids increase, peaks
corresponding to inverse hexagonal phase starts appearing. See inset (b). Inset (a) represents the initial lamellar peaks.

transforms to a pure HII phase at 40 mol% EA with a layer spacing
of 74.9 Å (Figure 4). Here, the lattice parameter of the lamellar
phase is seen to increase with increased EA concentration.

The pKa of OA and EA has been reported to vary largely,
with values ranging from 4.8 to 9.95 (Kanicky and Shah, 2002;
Salentinig et al., 2010; Bennett et al., 2013). The reason for this
large discrepancy is that the value depends on whether the pKa
has been measured for the fatty acid as a monomer in solution,
in a micellar solution, or incorporated in a lipid bilayer. The pH
of the water used in this study was ∼5.5. To test whether the
change in the lattice parameter of the fatty acid containing DOPC
mixtures used here was due to the electrostatic interactions of
the fatty acids at pH 5.5 or due to the molecular structure of the
fatty acid molecules, the effect of pH (3–6) on the phase behavior
and resulting structures was also investigated. Figure 4 shows
that the phase behavior of the binary mixtures is unchanged with
pH within this range. The layer spacing of the lamellar phase
is relatively constant at different pH values for each mixture;
however, the trend with increased fatty acid concentration is
the same, indicating that the effect on the layer spacing is due
to the molecular structure of the fatty acid molecules and not
electrostatics, as the fatty acids should be fully protonated at pH
3. In order to confirm that the change in layer spacing is not
related to protonation of the DOPC headgroup at low pH, the
layer spacing of pure DOPC was also investigated between pH 3
and 6, and was found to be unchanged (Figure 5).

Bending Rigidity
The effect of mono-unsaturated fatty acids on the bending
rigidity of the lipid membrane was studied by capturing
membrane fluctuations of GUVs made from DOPC and fatty acid
mixtures as described. Figure 6 shows the bending rigidities of
DOPC vesicles with varying amounts of OA and EA. The results
are from the analysis of about 25–30 vesicles per sample. Addition
of fatty acid to DOPC has different effects on the bending rigidity
of the membrane depending on the fatty acid added. Addition
of 10 mol% OA only marginally decreases the bending rigidity

(9.2 × 10−20
± 1.1 × 10−2 J) while 10 mol% EA increases it to

1.1× 10−19
± 1.3× 10−20 J compared to the bending rigidity of

pure DOPC vesicles (9.5 × 10−20
± 0.8 × 10−20 J). At 40 mol%

of fatty acid, however, the bending rigidity of both OA and EA
containing DOPC vesicles shows a large increase compared to
10 mol% fatty acid mixtures. It should be noted that this increase
is less pronounced for EA compared to OA.

We will discuss the information obtained from X-ray
diffraction measurements and couple the corresponding effect
in the membrane mechanics. The differences in the effect
on bending rigidities between the two fatty acids on DOPC
membranes can be attributed to a number of factors, such as
the phase behavior and the molecular structure of the individual
fatty acid molecules.

Considering the lateral stress profile of a DOPC bilayer,
addition of fatty acids should reduce the headgroup pressure.
Consequently, this should be compensated by an increase in
chain pressure. It is known that addition of fatty acids to
phospholipids increases the negative spontaneous curvature
of the lipid monolayer by increasing the hydrocarbon chain
pressure, and curvature frustration then favors the formation
of inverse phases (Zimmerberg and Gawrisch, 2006). The
presence of a cis double bond in OA increases the splay of
the hydrophobic chains more than its trans counterpart EA.
For a given composition the effect of the presence of OA in
bilayer forming lipids like DOPC will be greater in comparison
to EA/DOPC mixtures. As a result, a lower concentration of
OA is required to form inverse phases compared to EA. The
observed phase behavior of the DOPC-EA and DOPC-OA
systems supports this prediction.

Theoretical estimates made by Szleifer et al. (1990) on the
dependence of bending rigidity on the average area per chain have
shown that there is a dramatic decrease in bending rigidity as
the area/molecule increases or when the curvature frustration is
reduced, e.g., by addition of short chain amphiphiles (Figures 13,
14 of Salentinig et al., 2010). In our experiments, EA can be
treated as a saturated amphiphile owing to its kinked structure at
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FIGURE 4 | Effect of pH on the phase behavior of fatty acid containing membranes. As the concentration of Fatty acid is changed, the lattice parameter changes
however, the variation in the lattice parameter with pH is negligible. At 40% Fatty acid, both Oleic acid (OA) (A) and Elaidic acid (EA) (B) containing membrane
systems adopt an HII phase.

the double bond. Furthermore, studies (Leekumjorn et al., 2009)
have shown that addition of saturated fatty acids to DOPC
membranes decreases the average area per lipid linearly with
concentration. On the contrary, addition of unsaturated fatty
acids like OA has a less pronounced effect at low concentrations
(up to 10 mol%). The area per lipid decreases less sharply upon
further increase of unsaturated fatty acids. The average area per
molecule of saturated fatty acid is low and unchanged upon
increase in concentration in a DOPC bilayer. The area/molecule
of unsaturated fatty acid like OA is higher and decreases as
their concentration in the bilayer is increased. This has been
attributed to the fact that the saturated fatty acid (EA) is relatively
incompressible in the bilayer. The unsaturated fatty acids (OA),
on the other hand, can order their chains by straightening their

FIGURE 5 | Effect of pH on the lattice parameter of pure DOPC membranes.
The lattice parameter remained constant for the range of pH values indicating
that the effect of pH on lipid mixtures was negligible.

unsaturated chains. At high concentrations (>25 mol%) of fatty
acid the area occupied by both saturated and unsaturated fatty
acids is the same (Figure 7).

We look at the bending rigidities of vesicles containing fatty
acid. Addition of 10% EA to DOPC membrane increases the
lattice parameter which indicates a decrease in the area/lipid
molecule (Leekumjorn et al., 2009). According to the theoretical
predictions described above, a decrease in area/lipid causes an
increase in the bending rigidity.

On the other hand, the addition of 10 mol% OA has very
little effect on the lattice parameter of the lamellar phase
compared to pure DOPC membranes. The bending rigidity of
the binary mixture is slightly lower. OA increases membrane
fluidity by decreasing the packing between phospholipids. This
leads to increased fluctuations in the bilayer (Calder et al., 1994;
Leekumjorn et al., 2009) which is reflected in the lowering of
bending rigidity (Figures 6, 8). One of the best ways to describe
membrane fluidity is the lipid chain order parameter, which is
a measure of the amplitude of the splay in the alkyl chains.
An increase in order parameter indicates a decrease in chain
conformational motion, tending to reduce membrane fluidity
(Mills et al., 2008). The order parameter can be estimated using
X-ray (Mills et al., 2008) diffraction measurements and NMR
(Vameer et al., 2007) studies. It is expressed as:

S = 1
2
(
3
〈
cos2β

〉
− 1

)
, where S is the lipid chain average

orientational order parameter and β is the average chain tilt angle
from the bilayer normal.

At 20 mol% OA, there is a slight decrease in layer spacing at
all pH measurements. Although a decrease in lattice parameter
might imply a slight increase in area/molecule and hence a lower
bending rigidity, we noted that the bending rigidity did not
decrease, suggesting that the decrease in spacing is due to the
water layers between the bilayers becoming slightly thinner.

At 30 mol% OA, however, the layer spacing of the lamellar
phase increased. Consequently, the bending rigidity also rises
consistent with the theoretical predictions.
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FIGURE 6 | Combined X-ray diffraction (A) and bending rigidity plot (B) describing membrane mechanics with respect to the corresponding change in molecular
arrangement. The bulk 40% Fatty acid samples are in the HII phase whereas in the GUVs they are confined to a bilayer structure.

FIGURE 7 | Schematic representing the effect of Oleic acid (OA) and Elaidic Acid (EA) on DOPC membranes. At low concentration of EA/FA (A), the effect of FA on
the bilayer is small. At higher concentration curvature frustration dominates as the FA remain incompressible. However, more EA (B) is required to drive the system to
a non-lamellar phase in comparison to OA. At low concentrations, OA containing membranes are similar to EA containing membranes. However, at high
concentrations (C), relatively less OA is required to induce curvature (D) owing to the kink in the structure of OA.

FIGURE 8 | Effect of systematic increase in the concentration of Oleic acid (OA) on DOPC membranes. (A) As the concentration increases, the lattice spacing
increases. (B) The bending rigidity increases as the area per lipid decreases. (C) The tension in the membrane also increases. However, VFA gives bending rigidity
values more reliably in comparison to tension measurements.
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FIGURE 9 | Plot depicting the variation of bending rigidity as a function of
spontaneous curvature. For fluctuations upto 100 nm we can see that the
bending rigidity rises sharply if the system deviates from its preferred
spontaneous curvature (H0).

As mentioned earlier, the lamellar peak at 30 mol% OA is seen
to coexist with a broad hump under the first-order reflection.
We suggest that the origin of the broad hump might be poorly
resolved higher order reflections of a cubic phase as seen by
Gillams et al. (2014). If the system has a propensity to form a non-
bilayer structure but is forced to remain in a bilayer arrangement
in a vesicle then the bending rigidity will rise as the curvature
elastic stress increases.

Taken together, at low OA concentrations, we believe that the
forces dominating the bending rigidity are due to the effect of the
molecular interactions between the OA and DOPC membrane,
namely the increased fluidity of the bilayer, in contrast to the
less “floppy” EA. As the concentration of fatty acid is increased,
there is a decrease in area per (lipid + fatty acid) due to ordering
of the unsaturated chains. This leads to an increase in the
bending rigidity.

At 40 mol% fatty acid, however, the dominant force
influencing the bending rigidity is curvature frustration for
both the OA and EA systems. It has been shown that
above 25 mol% fatty acid in DOPC, the area occupied by
both saturated and unsaturated fatty acids is the same. As a
result, the difference in the area occupied by the DOPC:OA
and DOPC:EA membranes is less pronounced. Both fatty
acids will thus have a similar effect on bending rigidity at
higher concentrations.

As seen by SAXS, bulk DOPC:fatty acid systems at 40 mol%
fatty acid adopt an inverse hexagonal phase. However, within a
GUV they are forced to be in a bilayer state which leads to a
sharp increase in the curvature frustration and a pronounced
increase in the bending rigidity. Assuming the lipids are evenly
distributed within the two leaflets, we can approximately estimate

the effect on bending rigidity as the system deviates (or is
forced to deviate) from its preferred radii of curvature. The
fluctuation analysis studies show that fluctuations are in the
order of 100 nm. Using this value as an estimated radius of
curvature we can see that the bending rigidity rises sharply if
the system deviates from its preferred spontaneous curvature
(H0) (Figure 9).

Mareš et al. (2008) detailed the relationship between
intrinsic curvature and chain stiffness and the pivotal plane
cross section radius to explain lamellar to hexagonal phase
transitions. The model is based on anisotropic shape of lipid
molecules described by principal intrinsic curvatures. The
study demonstrated that as the chain stiffness and intrinsic
curvature increase, the pivotal plane radius decrease leading
to transition from lamellar to hexagonal phase. The decrease
in the pivotal plane radius is thus a result of competition
between the bending and interstitial energy. When the chain
is stiff, there is propensity to curve toward the hexagonal
corners to fill voids which leads to transition to hexagonal
phase. This could explain the transition to inverted hexagonal
phase at high fatty acid concentrations when the bending
rigidity also increases.

CONCLUSION

In conclusion, the effect of cis- and trans-monounsaturated
fatty acid on bilayer mechanics is studied using both X-ray
diffraction and vesicle fluctuation analysis. Addition of fatty
acids increases the bilayer bending rigidity. EA with its trans
double bond behaves more like a saturated amphiphile, showing
less change in area/molecule, and causing a smaller change
in bending rigidity. The presence of cis double bonds in
OA increases the probability of inducing negative curvature,
increasing curvature frustration, and an increase in bending
rigidity. Furthermore, higher concentrations show a dominant
effect of curvature frustration, leading to higher bending
rigidity, whereas at lower concentrations of fatty acids, several
intermolecular interactions as well as the floppiness of the fatty
acids dictate the thickness and rigidity of membranes. The
theoretical model developed by Szleifer et al. (1990) to explain
the curvature of lipidic membranes was useful in interpreting
some of the findings reported here. Our observations show
that the bending rigidity is sensitive to the type of fatty acids
incorporated into DOPC membranes. The study demonstrates
the potential application of bio-mechanical properties as unique
bio-markers to identify membrane reorganization as a result
of disruption in fatty acid biosynthesis as seen in certain
neurodegenerative conditions.
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A calorie-rich diet is one reason for the continuous spread of metabolic syndromes in

western societies. Smart food design is one powerful tool to prevent metabolic stress,

and the search for suitable bioactive additives is a continuous task. The nutrient-sensing

insulin pathway is an evolutionary conserved mechanism that plays an important role in

metabolism, growth and development. Recently, lipid cues capable to stimulate insulin

signaling were identified. However, the mechanistic base of their activity remains obscure

to date. We show that specific Akt/Protein-kinase B isoforms are responsive to different

calorie-rich diets, and potentiate the activity of the cellular insulin cascade. Our data add

a new dimension to existing models and position Drosophila as a powerful tool to study

the relation between dietary lipid cues and the insulin-induced cellular signal pathway.

Keywords: Drosophila, Saccharomyces cerevisiae, Cystobasidium oligophagum, Akt, PKB, Akt phosphorylation,

insulin signaling, yeast lipids

INTRODUCTION

Food composition is instructive for the metabolic response of organisms and recent studies
demonstrate an important role of lipid cues including dietary lipids in modulating systemic
insulin signaling. The identity and mechanism of such metabolically active lipids remains obscure;
however, their regulating function is restricted to calorie-rich nutritional settings and is second to
the role of sugars (Migrenne et al., 2006; Oh et al., 2010; Brankatschk et al., 2014). It is suggested
that circulating fatty acids bind to cellular receptors and that way, induce the secretion of metabolic
regulators (Nolan et al., 2006; Oh et al., 2010; Hauke et al., 2018). On the other hand, absorbed
lipids are re-integrated into cellular membranes and therefore, can change biophysical membrane
properties (Abbott et al., 2012). Variables like membrane fluidity and thickness possibly modulate
the amount and activity of membrane proteins such as the Insulin receptor (Ginsberg et al., 1981;
Murphy, 1990; Gutmann et al., 2018). The Insulin receptor (InR) is a dimeric type-I membrane
protein that belongs to the tyrosine-kinase receptor family (Fernandez et al., 1995). Bound to
insulin, the InR recruits adapter proteins and activates the PI-3 kinase (Böhni et al., 1999). The
PI-3 kinase converts the inner leaflet membrane lipid PI(4,5)P2 into PI(3,4,5)P3, which attracts the
Protein kinase B/Akt (Scanga et al., 2000). Different Akt isoforms have been identified in vertebrates
and invertebrates. For instance, mice or fruit flies express three different protein versions
(Andjelković et al., 1995; Gonzalez and McGraw, 2009a). In Drosophila, the presence of individual
Akt isoforms (dAkt’s) is stage-dependent. Adult flies express two dAkt proteins, which are
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different in size: the smaller dAkt66 and the larger dAkt85,
close to 66 and 85 kDa, respectively (Andjelković et al., 1995).
The structure of Akt shows high molecular and functional
conservation; this kinase possesses multiple regulatory
phosphorylation sites and the positions dAktSer505 and
dAktThr342 are characterized (Manning and Toker, 2017).
The functional relevance of the vertebrate Akt1Ser473 (which
corresponds to the dAktSer505) is well-studied (Alessi et al., 1996);
however, the biological role of Akt1Thr308 (which corresponds
to the dAktThr342) is more obscure. It is widely accepted that
the enzyme reaches full activity once phosphorylated on both
positions (Alessi et al., 1996; Scheid et al., 2002). Akt is a negative
regulator of the transcription factor FOXO (Calnan and Brunet,
2008). When insulin signaling levels are low, FOXO translocates
from the cell cytoplasm into the nucleus (Puig, 2003). Whereas,
high Akt activity prevents FOXO from entering the nucleus, and
the cells predominantly switch to anabolic reactions building
stocks of storage molecules such as fatty acids (Xu et al., 2012).
Taken together, circulating lipids are potentially capable to
modulate the insulin-signaling cascade at multiple levels. If so,
what pressures could possibly favor lipids as regulators of the
insulin signaling?

Drosophila feed preferentially on rotting fruits, a diet
composed by plant material and microbes such as yeast. Fruits
are the main source for carbohydrates while microbes provide
dietary amino acids. It was shown that a calorie-rich diet
supplemented with yeast lipids increases circulating Drosophila
insulin-like peptides (dILPs) and facilitates high systemic insulin
signaling levels (Brankatschk et al., 2014). High insulin signaling
stimulates the proliferation and developmental rate of flies. On
the other hand, the fly dietary lipid composition is dependent on
the consumed yeast species, microbial growth stage and available
carbon source, and environmental temperature (Chandler et al.,
2012; Klose et al., 2012). Decomposing plant material is
rich in sugars and proteins, which are degraded to smaller
molecules (monosaccharides and amino acids) prior to intestinal
absorption. Although it is shown that extreme quantities or the
absence of individual compounds in experimental conditions can
change the activity of metabolic circuits, such nutritional settings
are not likely found in the wild.

The structure of fatty acids and other lipid species is
defined by their origin. For instance, plants produce more
unsaturated and long fatty acids, as well as phytosterols which are
structurally different from fungal or mammalian counterparts.
If microbial lipid cues convey dietary signals to flies, then two
principal questions arise. First, do all microbes associated with
Drosophila promote the proliferation of fruit flies? Second, is the
growth dependent microbial lipid composition instructive for the
generative cycle of flies?

Here, we report the isolation of Cystobasidium oligophagum, a
ubiquitous Basidiomycota, from Drosophila droppings. Although
C. oligophagum attracts adult flies, we show that these yeasts
do not promote fruit fly oviposition or development. Compared
to baker’s yeast (Saccharomyces cerevisiae), C. oligophagum
produce similar amounts of protein and sugar but differ in
their lipid composition. Calorie-rich food based on either yeast
type supports the generative cycle of Drosophila; however, only

diet manufactured from stationary S. cerevisiae accelerates its
developmental rate and increases egg production. Moreover, we
demonstrate that flies kept on food prepared from stationary
S. cerevisiae upregulate selectively the dAkt85-isoform, and that
the enzyme is highly phosphorylated. Thus, we speculate that
lipid cues derived from stationary S. cerevisiae stimulate the
accumulation of PI(3,4,5)P3 at the inner plasma-membrane
leaflet ofDrosophila cells. dAkt85 binds to PI(3,4,5)P3 and as such
is accessible for the phosphoinositide-dependent Protein kinase 1
(PDK1) or the Rictor-mammalian target of rapamycin complex 2
(mTorC2) (Cho et al., 2001; Sarbassov et al., 2005).

RESULTS

Cystobasidium oligophagum and
Saccharomyces cerevisiae Have Different
Lipid Qualities
On rotting plant material, yeast are predominant microbes
preferred byDrosophila. To investigate which fungi are associated
with flies, we have analyzed microbial isolates from fly droppings
of wild type OregonR flies kept on plant food in an open
cage. Fly poo positioned on plant food at 20◦C contained C.
oligophagum; but not S. cerevisiae, which is the preferred yeast
used in experimentalDrosophila research. To compare the caloric
value of each yeasts, we have cultivated C. oligophagum or S.
cerevisiae at 20◦C in a lipid-free, defined medium. We harvested
the fungi in their exponential (EP) and stationary growth
phases (SP), and measured their protein and trehalose content
using commercial detection assays (Supplementary Figure 1).
Remarkably, both fungi produce very similar amounts of protein
and trehalose (Supplementary Figures 1B,D). To evaluate the
fungal lipidomes, we extracted lipids from all four yeast
samples and adjusted their total lipid amounts. Subsequently, we
separated individual lipid classes by using reverse phase Thin-
Layer Chromatography (2D-TLC). As expected, we confirmed
that S. cerevisiae lipid profiles depend on growth stages
(Figures 1C,D in black and Supplementary Figure 1E; Klose
et al., 2012). Interestingly, lipids from C. oligophagum show
minimal growth-dependent quality changes (Figures 1C,D in red
and Supplementary Figure 1E). To estimate relative lipid
quantities, we have adjusted the lipid amounts to phosphate
levels measured in our samples. Like reported, the lipidome
of C. oligophagum is overrepresented by lipids with properties
shown by free fatty acids with respect to S. cerevisiae (Vyas and
Chhabra, 2017). Furthermore, we found that the relative amounts
of individual lipid classes do not vary between EP and SP stages.
In contrast, proliferating S. cerevisiae have less triacylglycerids
(TAGs) and sterol-esters with respect to stationary cells (data
not shown). To visualize the lipid distribution in fungal cells,
we stained live yeasts with Bodipy-505. The dye is capable to
penetrate the plasma membrane and preferentially accumulates
in lipid-rich regions such as lipid droplets. As expected, in
S. cerevisiae cells, Bodipy-505 is enriched in lipid droplets and
we noted that SP yeast cells contain a higher number of such
organelles (Figures 1A,B). Taken together, we have confirmed
that lipid extract qualities and membrane organizations of
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FIGURE 1 | Cystobasidium oligophagum and Saccharomyces cerevisiae have different lipid profiles. (A,B) Photographs of yeast harvested at specific growth stages

probed with BODIPY-505. Shown are S. cerevisiae (S) or C. oligophagum (C) in exponential (EP) in (A) or stationary growth phase (SP) in (B). Scale bar = 5µm. (C,D)

Shown are 2D-TLC profiles of polar and neutral lipids. Lipid signatures from S. cerevisiae (black) or C. oligophagum (red) from exponential (C) and stationary (D)

growth stages.

S. cerevisiae depend on growth; whereas C. oligophagum lipid
profiles appear remarkably static throughout the generative cycle.

Designed Yeast Food Mimics the
Biological Activity of the Respective Yeast
To test if C. oligophagum attract adult flies, we placed wild-type
OregonR in feeding chambers and video-recorded their feeding
behavior. Already after a short adaptation time, all tested animals
started to feed and females positioned their eggs close to the
provided yeast bait (Figures 2A–C, Movies 1–3). Interestingly,
we noted that flies feeding on S. cerevisiae produced reproducibly
higher egg numbers compared to flies feeding on C. oligophagum
or plantmaterial only (n= 5, total egg number:C. oligophagum=

299, S. cerevisiae= 578, and plant material= 184 eggs, each assay
plate with 20–30 females and 15 males at 20◦C). The oviposition
rate of females is one readout for their metabolic activity. Since
both yeast types do not show gross differences in their sugar

or protein amounts, we speculated either that flies feed less on
C. oligophagum or that dietary lipid profiles are instructive for the
fly metabolism.

To neglect possible caloric differences or problems with the

intestinal accessibility of nutrients we designed fly food recipes

based on our cultured yeast. All four diets are equi-caloric

(∼550 kcal/l), enriched in plant proteins and sugars to prevent

carbon or amino acid shortages, and feature approximately
identical carbohydrate: protein ratios (2:1). Moreover, the nature
of our recipes minimizes the proportion of native yeast sugars
and proteins (native yeast sugar and proteins are ∼0.0002%
w/v while added sugar and proteins are ∼0.11% w/v in food).
On the other hand, the fungal lipidomes are the only lipid
source. To estimate the quantity of lipids, we weighted the
dry mass of each food type and measured phosphate amounts
present in respective lipid extracts. Food (F) produced from
C. oligophagum (C) or S. cerevisiae (S) show similar phospholipid
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mass (n = 3, CEP-F = 0.6; CSP-F = 0.5, SEP-F = 0.3, and
SSP-F = 0.4mg phospholipids/g food). Of note, the assay

is unable to capture neutral lipids such as fatty acids and
sterols. In addition, the unavoidable heat treatment during

food preparation could break or modify some yeast products.

Therefore, we have analyzed the phosphate-standardized lipid

extracts using TLC.We found that heat treatment is changing the

TLC profile of yeast. Especially some hydrophobic compounds
produced by C. oligophagum with properties similar to neutral

lipids (e.g., fatty acids, diacylglycerids, TAGs) are degraded
at 110

◦

C; whereas lipids from S. cerevisiae proof to be more

heat stable (Supplementary Figure 2). At this point, we are not
able to identify the heat-sensitive molecules. Taken together,
the lipid profiles of the designed diets differ from respective
yeast lipidomes.

To test if the created yeast food recipes induce similar

physiological changes in feeding Drosophila, we have repeated

the feeding-behavior experiments. Given a choice between

plant material and yeast-based diets, adult flies tended to
feed on the latter. Moreover, feeding was indifferent between
two tested wild type genotypes irrespective of the provided
yeast-food type (Figures 2E,F). Female flies kept on SSP-F

FIGURE 2 | Cystobasidium oligophagum attracts Drosophila melanogaster. (A) Scheme that depicts our quantification approach. Assay plates are divided into four

sectors loaded with food (yeast or plant food) or without a bait (no food). (B) Shown are screenshots from movies that show the feeding behavior of wild type flies.

Photograph with control plate (left), plates testing S. cerevisiae (middle), or C. oligophagum (right). *Plant food bait. (C) Plotted are percentages of eggs positioned in

different food sectors: S. cerevisiae (black), C. oligophagum (red), plant food (yellow), or no food (gray). (D) Depicted are total egg numbers (n = 9/food type) from flies

fed with plant food, exponentially (EP), and stationary (SP) grown S. cerevisiae (S) or C. oligophagum (C). (E) Shown is a photograph of a fly feeding on blue-stained

food (left) and a not feeding fly kept on the identical diet (right). (F) Plotted is the percentage of feeding wild type flies (n = 3, total of 15 mated females/food type) kept

on different blue stained diets. Note, there is no significant difference between CSP and other samples (Dunn’s multiple comparisons test: p > 0.05).
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produced more eggs than siblings kept on the other food types,
thus mirroring the activity of live S. cerevisiae (Figure 2D,
Movies 4–7). To investigate if food or fly-associated microbes
convey the biological activity of SSP-F, we created microbe-free
(axenic) larvae and tracked their growth and survival rates, both
indicators for metabolic activity. Axenic animals rely entirely
on provided food compositions and show a direct response
to nutritional settings. Interestingly, only larvae kept on SSP-
F were able to match the developmental speed and success of
their microbe-bearing counterparts. All other axenic cultures
developed slower and with lower survival rates (Figure 3).

Taken together, the designed food types are indifferent in their
caloric content, their carbohydrate: protein ratios are identical,
and the diets are rich in amino acids and monosaccharides. In
consequence, the quality and quantity of the respective dietary
lipid load is modulating the response of flies.

Dietary Lipid Extracts Regulate the Cellular
Insulin Signal Cascade
Animals fed with high-fat diet or kept on chow-food show
very different lipidomes (Carvalho et al., 2012). We have
shown that the lipid extract composition of the different
yeast foods varies. Thus, we wondered if the nutritional lipid
quality in the experimental setups would induce endogenous
lipid changes in feeding Drosophila (Carvalho et al., 2012).
To do so, we transferred adults reared on normal food and
kept the animals for 7 or 14 days on our yeast diets. Lipid
extracts from larvae or adult fly heads did not reveal changes
in the composition of complex endogenous lipids at 1D-TLC

resolution (Supplementary Figure 3). It remains possible that
structural qualities of absorbed and integrated dietary fatty
acids, only visible by mass spectroscopy, regulate the fecundity
and developmental rate. In addition, it was shown that S.
cerevisiae are able to facilitate systemic insulin signaling in
fruit flies (Brankatschk et al., 2014). Thus, we decided to
probe for the localization of the transcription factor dFOXO
(Figure 4). dFOXO is the most downstream target of the insulin
pathway and resides in the nucleus at low metabolic rates. We
found that only microbe-infested larvae kept on CSP-F show
a predominant nuclear dFOXO localization. In stark contrast,
dFOXO in axenic CSP-F-feeding siblings is mainly cytoplasmic
(Figure 4B, ANOVA test between CSP and ax CSP: p < 0.0001).
In addition, we found that microbes do not change dFOXO
activity in larval cultures thriving on SEP-F, SSP-F, or CEP-
F (Figure 4B, ANOVA test between food type and its axenic
counterpart: p> 0.05). Taken together, associated microbes block
dFOXO activity in animals feeding on CSP-F. However, only
axenic cultures kept on SSP-F match the developmental success
shown by their microbe-infested counterparts (Figure 3).

Many different dILPs regulate the larval development and
thus, mimic the function of vertebrate insulin-like growth factors
(IGFs; Brogiolo et al., 2001). Moreover, invertebrate dILPs
probably represent an ancestral regulative network that channels

IGFs and insulin-like signaling to one receptor (Barbieri et al.,

2003; Grönke et al., 2010). Therefore, developmental dILPs
blur metabolic aspects of the insulin circuit. To circumvent
the problem, we decided to analyse dAkt activity in adult
fly-head samples since dILPs expressed only in the larval

FIGURE 3 | Stationary yeast food rescues the metabolic syndrome of axenic larvae. (A,B) Plotted is the larval developmental speed (A) and survival rate (B) of axenic

(ax) and microbe-associated larvae kept on food based on exponential (EP) and stationary (SP) S. cerevisiae (S) or C. oligophagum (C). Each spot represents one

tracked individual (A) or one experimental cohort of minimum 20 individuals (B). Differences between the mean values of experimental groups were compared with

Dunn’s multiple comparisons test for developmental speed and Tukey’s multiple comparison test for survival rate data. n.s., none significant; *p < 0.05, ***p < 0.001,

****p < 0.0001. P-values: (A) CEP vs. ax CEP p = 0.0009, CEP vs. CSP p < 0.0001, CEP vs. ax CSP p = 0.0001, CEP vs. SEP p = 0.0091, CEP vs. ax SEP

p = 0.0001, CEP vs. SSP p < 0.0001, ax CEP vs. SEP p < 0.0001, ax CEP vs. SSP p < 0.0001, ax CEP vs. ax SSP p < 0.0001, CSP vs. SEP p < 0.0001, CSP vs.

SSP p < 0.0001, CSP vs. ax SSP p < 0.0001, ax CSP vs. SEP p < 0.0001, ax CSP vs. SSP p < 0.0001, ax CSP vs. ax SSP p < 0.0001, SEP vs. ax SEP

p < 0.0001, ax SEP vs. SSP p < 0.0001, ax SEP vs. ax SSP p < 0.0001; (B) CEP vs. ax CEP p = 0.0336, CEP vs. ax CSP p = 0.008, ax CEP vs. SEP p = 0.0158,

ax CSP vs. SEP p = 0.004, ax CSP vs. SSP p = 0.0261.
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FIGURE 4 | Yeast food quality and microbial load modulate dFOXO activity. (A) Photographs from larval fat bodies (early 3rd instar larvae). Samples were probed for

mCherry-FOXO (magenta, white) and DAPI (green). Shown are samples from microbe associated (upper two panels) or axenic (ax, lower two panels) individuals kept

on food based on stationary (SP) or exponentially (EP) grown S. cerevisiae (S) or C. oligophagum (C). Scale bars = 10µm. (B) Plotted is the quantification of

mCherry-FOXO fluorescent intensity in nuclei of fat body cells (n ≥ 3 with ≥15 cells/sample). Differences between the mean values of groups were compared with

Tukey’s multiple comparisons test. n.s., none significant; ****p < 0.0001. P-values: SEP vs. CSP p < 0.0001, SEP vs. ax SEP p = 0.0019, SEP vs. ax SSP

p = 0.0275, SSP vs. CSP p < 0.0001, CEP vs. CSP p < 0.0001, CEP vs. ax SEP p = 0.0192, CSP vs. ax SEP p < 0.0001, CSP vs. ax SSP p < 0.0001, CSP vs. ax

CEP p < 0.0001, CSP vs. ax CSP p < 0.0001.

and pupal stage are not present anymore (Zhang et al., 2009;
Grönke et al., 2010). Phosphorylated active dAkt deactivates
dFOXO (Calnan and Brunet, 2008). Therefore, we speculated
with reference to the shown oviposition preference of mated
females (Figure 2D) that only flies kept on SSP-F will show

high dAkt phosphorylation levels. To test our hypothesis, we
raised adults on normal food and then transferred the animals
onto different yeast-based diets for 7 or 14 days at 20◦C. We
found that early into our experiment dFOXO levels do not
change in flies kept on different diets (Figure 5A). Interestingly,
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FIGURE 5 | Individual dAkt isoforms facilitate dInR induced cellular insulin signaling. (A) Protein samples from flies kept on normal food (NF), and food from stationary

(SP), or exponentially (EP) grown S. cerevisiae (S) or C. oligophagum (C). Shown is a photograph from a Western-Blot membrane of adult head-samples from flies

taken 7 days after transfer from normal food (NF) to the respective yeast diet probed for mCherry (mCherry-FOXO), phosphorylated dAkt (AktThr342 or AktSer505 ),

pan-dAkt protein (pan Akt), and Tubulin (Tub). (B–D) Quantification of three independent Western-Blot replica from head-samples (9 heads per sample) of adult flies

taken 7 days after transfer from normal food (NF) to the respective yeast diet (SSP, SEP, CSP, or CEP). Shown are relative ratios of pan-dAkt85/Tubulin (B),

phosphorylated dAkt85−Thr342/pan-dAkt85 (C), and dAkt85−Ser505/pan-dAkt85 (D).

compared with normal food-fed specimen, flies kept on our
yeast-food types upregulate dAkt85 protein levels after 7 days
(Figures 5A,B). Later, at the 14-day time point, only flies on
SSP-F maintain higher or similar dAkt85 amounts with respect
to normal food feeding animals (Supplementary Figures 4A,B).
Interestingly, during the early upregulation of dAkt85, the relative
phosphorylation levels at Akt85−Ser505 and Akt85−Thr342 drop
with increasing protein amounts (Figures 5C,D). This trend is
not continued; after 2 weeks, relative dAKT85 phosphorylation
stabilizes close to levels shown by animals kept on normal
food (Supplementary Figures 4C,D). Of note, dAkt66 is
phosphorylated at its dAkt66−Ser505 position, but never detectable
at dAkt66−Thr342 (Figure 5A, Supplementary Figure 4A). We
conclude that in adult differentiated cells, dAkt85 is the
predominant metabolically active dAkt isoform; and we
propose that dietary lipids present in stationary S. cerevisiae
elevate or stabilize dAkt85 amounts to facilitate cellular
insulin signaling.

DISCUSSION

Environmental factors drive the spread and the dynamic behavior
of insect populations as well as the quality and abundance of
accessible food sources. Recent findings add another dimension
to this simple equation, the identity and state of food-associated
microbes (Nicholson et al., 2012). Drosophila are attracted by
volatile yeast cues and prefer to feed on calorie-rich rotting
plant material infested by yeast and other microbes (Becher
et al., 2012). Such microbes share often the optimal temperature
range of fruit flies (Watson, 1987; Petavy et al., 2001; Tsuji
et al., 2017). Hence, available rotting fruits or other decomposing
plant materials, in a given area, are infested by different yeast
species (Chandler et al., 2012). We have isolated the yeast
Cystobasidium oligophagum from wild type OregonR flies kept
outside of the laboratory, a ubiquitous fungus known to degrade
plant material. Is C. oligophagum a likely candidate associated
with fruit flies? We show that C. oligophagum attracts flies
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and that Drosophila consume these yeasts. The fact that we
have found this fungus in fly droppings indicates that some
cells survive the intestinal passage (Supplementary Figure 5).
However, to what proportion C. oligophagum is present on
rotting fruits remains unclear and it remains to be shown if
these type of yeast is found on wild flies (Chandler et al.,
2012). In the laboratory, Saccharomyces cerevisiae is widely used
to cultivate Drosophila. Recently, it was reported that lipid
extracts from S. cerevisiae accelerate the generative cycle of flies
by increasing the systemic insulin signaling rate (Brankatschk
et al., 2014). However, S. cerevisiae are not predominant in
regional natural habitats and it is likely that the interaction
between fruit flies and their microbial surrounding is more
complex (Hoang et al., 2015). In consequence, several questions
arise in our quest to understand how microbes modulate the
physiology and evolutionary conserved metabolic circuits of fruit
flies. At first, we attempt to answer the question if all food-
associated yeast provide factors that enhance the generative cycle
of Drosophila.

At this point, it is not possible to estimate how natural
variations of the genetic configuration in wild fly populations
change the metabolic response of individuals. Therefore, we
kept wild type flies (e.g., OregonR ormCherry-FOXO), harboring
a defined genotype, on plant material supplemented with
either S. cerevisiae or C. oligophagum. Interestingly, females
feeding on C. oligophagum show low egg numbers compared
to flies feeding on S. cerevisiae. Our finding allows for
different explanations, either C. oligophagum is a poor diet
or C. oligophagum products do not stimulate the metabolism
of Drosophila. To exclude variables [including protein/sugar
ratio, nutritional caloric load (Fanson et al., 2012), intestinal
resorption (Diamond, 1991), microbial growth stage (Klose
et al., 2012), or the immune response to microbes (Hoffmann,
2003)], we have created artificial food from both yeast. The
resultant diets are enriched in protein and sugars to dwarf
yields of respective fungal compounds. Of note, we found that
the heat-treatment step in our food preparation protocols is
changing the profile of hydrophobic yeast compounds detected
by TLC. Reverse phase thin layer chromatography separates
molecules based on their hydrophobicity and charge. Therefore,
compounds like heat-sensitive vitamins containing fatty acid
residues are well-detectable on TLC (Mohammad et al., 2012).
To ensure the biological activity of our diets, we decided to
repeat the egg-laying experiments performed earlier with living
yeast. We observed that adult flies prefer S. cerevisiae food,
especially produced from stationary cells. In addition, the same
diet promoted development. Our results fit well with earlier
experiments based on yeast food prepared from commercially
available dry Baker’s yeast from the grocery store (Carvalho
et al., 2012; Brankatschk et al., 2014, 2018). Such dry yeast
are composed from stationary cells grown in a fermenter. We
speculate that the short reactivation time of dry yeast prior
to our experiments (food preparation protocols, experiments
with live yeast) is not sufficient to change their nutritional
profile and therefore, S. cerevisiae harvested in their exponential
growth phase nor any C. oligophagum culture accelerated
Drosophila development.

Fly-associated microbes can modulate the nutritional input
and, in some cases, promote directly or indirectly the insulin
pathway. For instance, Acetobacter pomorum secrete metabolites
capable to induce insulin signaling (Shin et al., 2011). In
poor nutritional conditions, Lactobacterium replenish amino
acid shortages and thus, restore the metabolic activity of the
host (Storelli et al., 2011). To exclude the microbial variable
in our experiments, we decided to test the development of
microbe-free (axenic) larvae. Axenic animals tend to develop a
metabolic syndrome, similar to insulin resistance, resulting in
lower survival and slower developmental rates (Shin et al., 2011;
Ridley et al., 2012). Therefore, we decided to runmicrobe-bearing
and microbe-free cultures in parallel. Astonishingly, only axenic
cultures thriving on stationary S. cerevisiae food matched the
developmental parameters from siblings kept on the respective
microbe-infested diet. We assume stationary yeast produce a
heat-stable biological active compound capable to accelerate the
development of Drosophila. We propose two possibilities; first,
that lipid extracts from stationary yeast change the lipidome
of the host leading to increased cellular insulin responsiveness.
Although we did not detect any changes of endogenous complex
lipids in response to the provided diets, our TLC-based analyses
may not be sensitive enough. A better view could be provided by
lipid mass spectroscopy (Carvalho et al., 2012) and the functional
tests of biophysical membrane properties (Brankatschk et al.,
2018). Second, it was shown that lipid extracts from stationary
S. cerevisiae hyper-activate insulin-producing cells (Brankatschk
et al., 2014). The consequent high circulating levels of insulin-
like peptides stimulate the InR regulated cellular signal cascade
(Brankatschk et al., 2014). We found that the transcription
factor dFOXO changes its nuclear localization in response to
the microbial load associated with the animals. It is widely
accepted that the mTor-like signaling, one integral component
of the Drosophila immune system, is modulating Akt and
hence, changing FOXO activity (Pourrajab et al., 2015). Our
cultivation protocol mildly stimulates the larval digestive system
and food-associated microbes likely induce an immune response.
Therefore, it is fair to speculate that developmental differences
between axenic and non-axenic animals are not purely based on
nutritional/metabolic factors (Slack et al., 2015).

Larval development includes the expression of many different
dILPs that control the growth rate andmorphological appearance
of tissues irrespective of the metabolic input. To disentangle
developmental from metabolic aspects, we resolved to study
the phosphorylation of Akt, a central enzyme of the InR-
controlled signal cascade, in adult flies. It is widely accepted that
phosphorylated Akt is active, and that active Akt is responsible
for the negative regulation of FOXO (Calnan and Brunet, 2008).
Vertebrates express different Akt isoforms; for instance mice
or humans express three different Akt proteins. Of note, the
different isoforms are not equally expressed in all cell types
(Gonzalez and McGraw, 2009a,b). Surprisingly, knock-out mice
with only one functional copy of Akt1 are viable but show
some physiological changes and are sensitive to dietary sugar
loads (Dummler et al., 2006). However, most studies presume a
parallel activity of all Akt isoforms and value the contribution
of individual Akt isoforms in the insulin signal cascade based
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on their present levels (Gonzalez and McGraw, 2009a; Santi and
Lee, 2010). Alike vertebrates, fruit flies express three different
isoforms of the kinase Akt (Andjelković et al., 1995). As
reported, we have detected two isoforms in our adult head-
samples, dAkt66 and dAkt85. However, we found that dAkt85

is predominantly regulated in response to dietary cues and
that dAkt66 is hardly phosphorylated at the dAkt66−Thr342 site.
We conclude that individual dAkt isoforms in adult flies are
differently addressed in response to dietary cues. In sum, we
predict that lipid extracts from stationary S. cerevisiae increase
circulating dILP levels and more insulin peptides bind to their
receptor (Brankatschk et al., 2014). The insulin-bound dInR
recruit additional PI3 kinases, which induce the production
of Phosphoinositol-(3,4,5)-phosphate (PIP3) by conversion of
membrane integrated Phosphoinositol-(4,5)-phosphate (PIP2)
(Scanga et al., 2000). Therefore, the PIP2:PIP3 ratio is shifted
and more cytoplasmic dAkt85 associates with PIP3 and is
phosphorylated by local kinases. Further, phosphorylated dAkt85

regulates the downstream transcription factor dFOXO; this
would implicate that dAkt85, similar to vertebrate Akt2 (Garofalo
et al., 2003), is responsible for the insulin-mediated glucose
disposal. In addition, since dAkt66 is never phosphorylated at its
Thr342 position, we reinforce the idea that dAkt66, like vertebrate
Akt3, fulfills more developmental roles (Andjelković et al., 1995;
Santi and Lee, 2010) or is rather required to amplify signals
from none-metabolic pathways (Weichhart and Saemann, 2008;
Grootjans et al., 2016).

In sum, we add, to the complexity of microbe-host
interactions, the variable of microbial growth stage; and we
spotlight the differential phosphorylation and expression of dAkt
isoforms as a versatile tool to facilitate the cellular insulin
signal cascade. In addition, our work positions nutritional
lipids as important metabolic modulators within a high-caloric
environment; therefore, the quality of dietary lipids may
represent a suitable target to define bioactive food.

MATERIALS AND METHODS

Fly Stocks
If not stated otherwise, flies were kept at RT in a day/night cycle.
mCherry::foxo from S. Eaton lab, CantonS from J.-C. Billeter’s lab
and OregonR were purchased from Bloomington stock center.

Yeast
Saccharomyces cerevisiae (BY4741) was obtained from K.
Ostermann and Cystobasidium oligophagum are wild isolates
identified by M. Kaltenpoth.

Food Recipes
Normal food (https://bdsc.indiana.edu/information/recipes/
bloomfood.html) and plant food (Carvalho et al., 2012) were
produced following published protocols, using dry-yeast
purchased from the grocery discounter Kaufland. Saccharomyces
cerevisiae (BY4741) and C. oligophagum foods were produced
based on pelleted yeast obtained from SCP-medium (1.9 g/L
yeast nitrogen base, 5 g/L ammonium sulfate, 20 g/L glucose,

20 g/L peptone) cultures grown at 20◦C (v = 100ml; wet yeast-
pellet = 9.04 g, glucose = 6 g, soy peptone = 2 g, sucrose = 3 g,
agar-agar = 1 g, and nipagin = 0.4 g). The Exponential Growth
Phase (EP) is defined at the optical density OD600

EP
= 2–3 for

S. cerevisiae or a massEP of 0.02 g/ml for C. oligophagum and
the Stationary Growth Phase (SP) at ODSP

600 >5 (S. cerevisiae)

and a massSPof >0.04 g/ml (C. oligophagum). Of note, C.
oligophagum cells tend to aggregate preventing a conventional
optical density measurement.

Cystobasidium oligophagum Isolation
OregonR were kept in an open cage on plant food without
resistance factors for 2 weeks at 20◦C, and subsequently
transferred onto apple-juice plates. Deposited droppings were
resolved in water and plated onto YPD-culture media plates.
After 72 h at 20◦C, microbial colonies were picked, cultivated in
YPD media and samples send for 18S ribosomal sequencing.

Behavior Assays
CantonS flies were raised on normal food, adults were transferred
for 6 h on apple juice plates at 22◦C, and subsequently placed on
assay plates (20% apple juice, 1% agar, each plate with 3 males
and 9 mated females) fitted with food baits opposing each other.
Fly behavior was recorded for 3 h at 22◦C and afterwards plates
were kept for 24 h at 20◦C. Subsequently, flies were removed, and
deposed eggs counted.

Larval Developmental Tracking
Eggs from OregonR collected from apple juice-agar plates were
washed with tap water, bleached with Sodiumhypochloride (10%)
and transferred onto apple juice plates. Later, hatched first-instar
larvae were placed onto food and kept at 20◦C.

Axenic Animals
Eggs from OregonR collected from apple juice agar plates were
washed with tap water, bleached with Sodiumhypochloride (10%)
and transferred onto sterile apple juice plates (treated with hard
UV light). Later, hatched first instar larvae were placed under
sterile conditions onto microbe-free food using aseptic tools and
kept at 20◦C.

Trehalose Measurements
Samples were autoclaved and processed like recommended by
manufacturer (Trehalose Kit, Megazyme).

Protein Estimation
Samples were autoclaved and processed like recommended by
manufacturer (BCA Kit, Pierce).

Lipid Extraction and TLC
Tissue samples were thawed on ice, homogenized in HBS
using an IKA ULTRA-TURRAX disperser (level 5, 1min),
and lipid-extracted by the BUME method (Löfgren et al.,
2012). Extracted lipids were stored in chloroform/methanol (2:1)
solution at−80◦C.
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Feeding Assay
Food intake measurements on dyed food was performed as
described elsewhere (Deshpande et al., 2014). The food was
stained with 1% w/v bromophenol blue solution. mCherry::foxo
flies (one male and five mated females, 0 to 7-days old) were
transferred on respective diets at 20◦C. After 4 h, feeding was
interrupted by freezing flies in liquid nitrogen. Only females were
used to quantify blue stained fly guts.

Biochemistry
Western Blot Analysis
mCherry::foxo flies were raised on normal food and 0 to 3-
day-old adults were transferred for 14 days on respective
diets at 20◦C (male to female ratio 1:3; food renewal in
regular intervals). Adults were snap-frozen with liquid nitrogen
and fly heads removed. Fly heads were homogenized with
a pestle in sample buffer (loading buffer, please see https://
openwetware.org) and subsequently heat-inactivated for 10min.
Homogenates were centrifuged and supernatants used for
TRIS-SDS-PAGE. Separated proteins were transferred by Tank-
Blotting to nitrocellulose membrane. Membranes were blocked
for 1 h with 5% BSA in 0.1% Triton X-100/PBS and then
incubated with antibodies in blocking solution overnight.
Polyclonal antibodies used to probe were Akt-pSer505 (Cell
Signaling, 4054S), Akt-pThr308 (Invitrogen, 44-602G), Akt
(Invitrogen, MAS14916), mCherry (Invitrogen, PAS-34974), and
Tubulin (Cell Signaling, 2144S). After washing, membranes were
incubated with HRP conjugated antibodies (Thermo Fischer,
31466) for 1 h and then bands detected with chemiluminescence.

Quantification
Samples were taken after 7 days (n = 3) and 14 days
(n= 2) after specimen were transferred from normal
food to respective yeast diets. Signals from Western blot
membranes were photographed using an ImageQuant L4000
reader and photographs were analyzed using FIJI software
(Schindelin et al., 2012). Each signal-band region of interest
was selected with the “rectangle”-selection tool and the
mean of fluorescence intensity was calculated. The intensity
values have been normalized to the signals of the membrane
background and of the tubulin signal from the same blots.
Plotted are signal ratios between: dAKT85/Tubulin (Figure 5B,
Supplementary Figure 4B), phospho-dAKT85−Thr342/dAKT85

(Figure 5C, Supplementary Figure 4C), and phospho-dAK
T85−Ser505/dAKT85 (Figure 5D, Supplementary Figure 4D).

Immunohistochemistry
Microscopy Analysis
mCherry::foxo and CantonS first instar larvae were transferred on
respective food and kept at 20◦C. After 5 days, larvae were fixed
and dissected in 4% PFA, blocked for 1 h in blocking solution
(5% native goat serum, 0.1% Triton X-100 in PBS, pH= 7.2) and
incubated with anti-mCherry antibody (Invitrogen, PAS-34974)
over night at 4◦C. After washing, samples were incubated with
goat-anti-rabbit-Alexa Fluor 555 (Thermo Fisher) and stained
with DAPI for 2 h at room temperature. mCherry-FOXO signal

in larval fat body was detected using confocal microscopy (Zeiss
LSM700, 20x objective, respective Bandpass filters).

Quantification
The quantification of the mCherry signal has been performed on
individual cells (cells) of larval fat bodies from several biological
replicates (n). The densities of the fluorescence intensity (IntDen)
were measured with Fiji Image J (Schindelin et al., 2012) (SEP:
n = 8, cells = 41; SSP: n = 9, cells = 43; CEP: n = 9, cells
= 45; CSP: n = 9, cells = 47; ax SEP: n = 9, cells = 48; ax
SSP: n = 9, cells = 40; ax CEP: n = 3, cells = 15; ax CSP:
n = 5, cells = 23). The IntDen values have been normalized
to the IntDen signal values of CantonS fat bodies (n = 3–5,
cells = 3–5). For each cell, the mCherry IntDen value of the
whole cell (IntDencell) and the nucleus (IntDennucleus) have been
measured by using FIJI and the “freehand”-selection tool; while
the cytoplasm IntDen (IntDencyto) signal has been calculated as
following: IntDencyto = IntDencell-IntDennucleus Then, the ratio
IntDennucleus/(IntDennucleus + IntDencyto) have been calculated
for each cell.

Yeast lipid droplets were stained with Bodipy 505/515
(Thermo Fisher) on ice for 2 h, and later life yeast were imaged
using fluorescent-confocal microscopy (Zeiss LSM780, 63x oil
objective, respective DIC, and Bandpass filters).

Yeast Digestion Assay
OregonR third-instar larvae were transferred for 2 h into a
tube containing Bodipy 505/515 stained S. cerevisiae or C.
oligophagum (both harvested in stationary growth phase, grown
at 20◦C). Guts from feeding larvae were dissected in ice-cold
PBS, and subsequently imaged using confocal microscopy (Zeiss
LSM780, 10x objective, respective DIC, and Bandpass filters).
Composite gut images were stitched together from overlapping
single two-channel image tiles using the Fiji Plug in Preibisch
et al. (2009).

Statistics
Statistical analyses were performed with GraphPad Prism 7.
Sample sizes are listed above or in figure legends. Difference
between the mean ranks of blue stained food eating fly
samples were calculated using Dunn’s multiple comparisons
test. Difference between the experimental groups for pupation
speed and survival rate were calculated using Dunn’s and
Tukey’s multiple comparisons test, respectively. Tukey’s multiple
comparisons test was also used to assess differences in nuclear
mCherry-FOXO localization in fat body cells between groups.
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Supplementary Figure 1 | Yeast growth state is important for lipid quality in S.

cerevisiae. (A,C) Plotted are the growth curves of S. cerevisiae (A) or C.

oligophagum in (C). R2 indicates goodness of fit to the non-linear sigmoidal

regression model. (B,D) Plotted are the protein and trehalose content of samples

based on exponential (EP) and stationary (SP) S. cerevisiae (S) in (B) or C.

oligophagum (C) in (D). Lipid profiles (E) of polar and neutral lipids based on

exponential (EP) and stationary (SP) S. cerevisiae (S) (SEP, SSP) or C.

oligophagum (C) (CEP, CSP) were analyzed by 2-D Thin-layer chromatography.

Supplementary Figure 2 | Heat-treatment changes the lipid profile of yeast.

Shown is the lipid profile of yeast and yeast food lipid extract samples by

separation with 1-D Thin-layer chromatography. Samples are based on sole

stationary (SP) S. cerevisiae (S) or C. oligophagum (C) and respective foods (food),

before and after autoclaving (aut.). Lipid markers include: CE, cholesterol esters;

Cer-PE, ceramide phosphorylethanolamine; DAG, diacylglycerol; Erg, ergosterol;

FA, fatty acid; MAG, monoacylglycerols; TAG, triacylglycerol.

Supplementary Figure 3 | Fly endogenous lipid composition is not altered by

nutritional lipids. (A,B) Shown is the separation of larval (A) and adult head (B)

lipid extract samples by 1-D Thin-layer chromatography. Samples from animals

kept on food based on exponential (EP) and stationary (SP) S. cerevisiae (S) or C.

oligophagum (C). Samples were analyzed in triplicates (1–3). Lipid markers

include: Card, cardiolipin; CE, cholesterol esters, Cer, ceramide; Ch-Ac,

cholesterol-acetate; Chol, cholesterol; CPE, ceramide phosphorylethanolamine;

DAG, diacylglycerol; Erg, ergosterol; FA, fatty acid; Gb3, globotriaosylceramide;

GC, glucosylceramide; GM1-3, ganglioside; Lan, lanosterol; LC, lactosylceramide;

PA, phosphatidic acid; PC, phosphatidylcholine; PE, phosphatidylethanolamine;

PG, phosphatidylglycerol; PI, phosphatidylinositol; POPG, 2-Oleoyl-1-palmitoyl-

sn-glycero-3-phospho-rac-(1-glycerol); PS, phosphatidylserine; Sit, sitosterol; SM,

sphingomyelin; TAG, triacylglycerol.

Supplementary Figure 4 | Individual dAkt isoforms facilitate dInR induced cellular

insulin signaling. (A) Protein samples from flies kept on normal food (nf), and food

from stationary (sp) or exponentially (ep) grown S. cerevisiae (s) or C. oligophagum

(c). Shown is a photograph from a Western-Blot membrane of adult head-samples

from flies taken 14 days after transfer from normal food (NF) to the respective

yeast diet probed for mCherry-dFOXO, p-dAkt (AktThr342 or AktSer505 ), pan-dAkt

protein (Akt), and Tubulin (Tub). (B–D) Quantification of two independent

Western-Blot replica from head-samples (n = 9 heads each sample) of adult flies

taken 14 days (14d_n) after transfer from normal food (NF) to the respective yeast

diet (SSP, SEP, CSP, or CEP). Shown are relative ratios of pan-dAkt85/Tubulin (B),

phosphorylated dAkt85−Thr342/pan-dAkt85 (C), and dAkt85−Ser505/pan-dAkt85

(D) with respect to samples from specimen kept on normal food.

Supplementary Figure 5 | Some Cystobasidium cells might survive the larval

intestinal passage. (A,B) Third instar larvae were fed with stained (Bodipy) S.

cerevisiae (A) or C. oligophagum (B). Guts from feeding larvae were dissected

and imaged. Shown is a stitched whole gut image and two distinct magnified

sections, part of the anterior midgut (1) and hindgut (2). Black scale bars =

500µm, white scale bars = 50µm.

Supplementary Movies | Exemplary movies show the behavior of adult flies on

plates. Food samples are based on exponential (EP) and stationary (SP) S.

cerevisiae (SEP, SSP) or C. oligophagum (CEP, CSP).

Movie 1 | Testing plant food vs. plant food.

Movie 2 | Testing S. cerevisiae vs. plant food.

Movie 3 | Testing C. oligophagum vs. plant food.

Movie 4 | Testing SEP vs. plant food.

Movie 5 | Testing SSP vs. plant food.

Movie 6 | Testing CEP vs. plant food.

Movie 7 | Testing CSP vs. plant food.
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