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Cellular phospholipids (PLs) differ by the nature of their
polar heads as well as by the length and unsaturation
level of their fatty acyl chains. We discuss how the ratio
between saturated, monounsaturated, and polyunsatu-
rated PLs impacts on the functions of such organelles as
the endoplasmic reticulum, synaptic vesicles, and pho-
toreceptor discs. Recent experiments and simulations
suggest that polyunsaturated PLs respond differently to
mechanical stress, including membrane bending, than
monounsaturated PLs owing to their unique conforma-
tional plasticity. These findings suggest a rationale for
PL acyl chain remodeling by acyltransferases and a mo-
lecular explanation for the importance of a balanced
fatty acid diet.

Fatty acyl chain diversity: the dark face of cellular
membranes
The lipid composition of cellular membranes varies signifi-
cantly among organisms, tissues, and organelles, and our
knowledge of this diversity has greatly increased thanks to
progress in organelle fractionation, lipid analysis, notably
mass spectroscopy, and the identification and characteri-
zation of most enzymes responsible for lipid synthesis [1–
5]. However, our understanding of the roles of the various
lipids that coexist in biological membranes has not im-
proved as fast. Hundreds of different lipid species can be
found in the membrane of a single organelle, but we can
attribute a clear function to only a few of them.

With the exception of sterols, the lipids of cellular
membranes are made of three building blocks: a polar
head, a central group (glycerol or sphingosin), and long
hydrocarbon chains (the fatty acids). This scheme allows
numerous combinations and is at the root of lipid diversity.
However, biochemists and cell biologists generally do care
more about the polar head than about the acyl chains. This

bias is reflected in the language: we name lipids by their
polar head (e.g., phosphatidylcholine, PC; phosphatidyl-
serine, PS; phosphatidylethanolamine, PE), but we rarely
detail their acyl chain content. It also acknowledges the
fact that lipid polar heads are associated with defined
functions owing to their specific interactions with proteins
[6].

The role of the various fatty acyl chains of PLs is less
well understood. Fatty acids are divided into three classes
according to the number of double carbon bonds along the
carbon chain (Figure 1A) [7]. Saturated fatty acids (SFA)
contain only saturated carbon bonds (C�C); monounsatu-
rated fatty acids (MUFA) contain a single cis double bond
(C=C); polyunsaturated fatty acids (PUFA) contain 2–6 cis
double bonds and are themselves divided into two sub-
classes, v3 and v6, depending on the position of the double
bonds. Palmitate, oleate, arachidonate, and docosahexa-
noic acid (DHA) are the most abundant fatty acids of each
class. Their abbreviation (C16:0, C18:1-n9, C20:4-n6, and
C22:6-n3, respectively) indicates the number of carbons,
the number of double bonds, and the position of the first
double bond with respect to the terminal methyl.

On average, the first acyl chain of cellular PLs is satu-
rated whereas the second acyl chain is mono or polyunsat-
urated. However, there are large variations around this
canonical scheme. Why is the endoplasmic reticulum (ER)
richer in monounsaturated PLs than the plasma mem-
brane (PM) [8,9]? Why are polyunsaturated PLs so abun-
dant in some specialized organelles (e.g., synaptic vesicles)
but absent in some organisms (e.g., Saccharomyces cerevi-
siae) [9–12]? These questions, which echo back to the
discovery in the early 1930s of the essential role of some
PUFAs in mammalian development [13], are still topical:
we frequently hear that olive oil is better than butter and
that v3 are better than v6 lipids for our health, but the
molecular basis for these differences remains elusive.

Fatty acids could have effects on their own or as pre-
cursors of signaling molecules [14]. In addition, because
fatty acids become in large part esterified in PLs, they
should impact on the functioning of cellular membranes
[10]. We summarize here the origin of the acyl chain
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diversity in PLs and present a few examples of mutual
adaptation between organelle function and PL acyl chain
composition. Last, we discuss the importance of biophysi-
cal approaches coupled to molecular dynamics simulations
to reveal how deceptively simple changes in the hydrocar-
bon structure of PL fatty acids can impart biological mem-
branes with different physicochemical properties.

Biochemical pathways promoting PL acyl chain
diversity
The acyl chain diversity of PLs results from several pro-
cesses, from diet sources to complex reactions where fatty
acids are elongated, desaturated, transported, and even-
tually esterified into PLs (Figure 1A) [15,16].

Almost all organisms contain a D9 desaturase, which
introduces a double bond in the middle of the acyl chain,
thus producing monounsaturated fatty acids from saturat-
ed ones (e.g., C18:0 > C18:1-n9). By contrast, the ability to
add additional double bonds is not universal. Some plants
introduce double bonds between the terminal methyl and

the central carbon, whereas mammals introduce double
bonds between the central carbon and the terminal car-
boxyl [7]. Our diet reflects this division of labor: we eat the
essential linolenic acid C18:3-n3 from plant oils to synthe-
size C22:6-n3, which then accumulates in our brain mem-
branes. A transporter allowing C22:6-n3 to cross the brain–
blood barrier has been recently identified and its deletion
strongly impairs brain development [17].

Fatty acids are eventually activated in the form of
acyl-CoA intermediates and esterified into PLs through
two alternative pathways: the de novo pathway (or Ken-
nedy pathway) corresponds to the complete synthesis of a
PL from elementary building blocks, whereas the remo-
deling pathway (or Lands cycle) corresponds to the mere
substitution of one acyl chain in a preformed PL
(Figure 1A) [18]. The acyltransferases involved in these
pathways have been identified and their substrate spec-
ificity determines the acyl chain diversity of PLs (Box 1)
[15]. Striking examples are LPCAT1, which is enriched
in the lung and incorporates saturated fatty acids into
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Figure 1. Acyl chain diversity of membrane lipids. (A) Summary of the various lipid metabolic pathways that lead to the acyl chain diversity of phospholipids (PLs) in

biological membranes. The diversity of fatty acids arises from dietary sources, as well as from endogenous enzymatic activities that allow the acyl chain to be elongated or

desaturated. In many organisms, however, these activities are limited, hence the importance of a diverse diet. Fatty-acyl-CoA intermediates are then used as substrates by

various lysophospholipid acyltransferases to synthesize or remodel PLs [5,15]. These enzymes form two large families and include members displaying different specificity

for their lysophospholipid and acyl-CoA substrates (Box 1). (B,C) The acyl chain profile of PLs varies along the organelles of the secretory pathway as well as in some

differentiated structures such as axons [9,12].
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PC to promote the formation of a protective surfactant
[5], and tafazzin, which incorporates polyunsaturated
fatty acids into cardiolipin (CL) in a curvature-depen-
dent manner [19].

Examples of PL fatty acyl chain gradients
In mammalian cells, there is a gradual enrichment of
saturated PL species at the expense of monounsaturated
species along the organelles of the secretory pathway
(ER > Golgi > plasma membrane) [8]. This subcellular
gradient, which parallels main membrane traffic routes,
also exists in yeast and results from a change in the
esterified acyl chains of PE and PS [9] (Figure 1B).

Recent advances in lipid imaging by mass spectrometry
reveal another striking acyl chain gradient (Figure 1C). In
neuronal cell cultures, where axons radiate around a clus-
ter of cell bodies, a gradient of polyunsaturated PC has
been imaged at mm resolution [12]. PC molecules contain-
ing C20:4 or C22:6 PUFAs accumulate at the axon tip but
are rare at the cell body, whereas less-unsaturated species,
notably C18:2-PC, show an opposite distribution. Sperma-
tozoa provide another example of the uneven distribution
of polyunsaturated PLs at the subcellular level [20].

Cells also change their PL acyl chain profile over time.
Epithelium differentiation is accompanied by the appear-
ance of more saturated lipid species, probably to make the
apical PM a better protective barrier [1]. The amount of
C20:4-containing PC oscillates during the cell cycle
[21]. During cytokinesis, lipid species with well-defined
acyl chain composition appear in the mid body [22]. Last,
the ratio between monounsaturated PLs and polyunsatu-
rated PLs increases in several cancer cell lines and tissues
[23,24].

The metabolic pathways at the origin of the spatiotem-
poral control of PL acyl chain unsaturation remain to be
investigated, notably the involvement of specific acyltrans-
ferases [5]. However, the fact that this control exists,
whereas the multiple membrane traffic pathways should
lead to PL homogenization [4], suggests that the balance
between saturated, monounsaturated, and polyunsaturat-
ed PL species has decisive functions.

Influence of PL acyl chains on protein synthesis and
folding at the ER
The ER is the organelle for the biosynthesis and folding
of transmembrane and luminal proteins. To maintain
the correct balance between ER client protein load and
folding capacity, cells have developed a pathway known
as the unfolded protein response (UPR) [25,26]. The UPR
is controlled by integral protein sensors, such as inositol-
requiring enzyme 1 (IRE1) and protein kinase-like ER
kinase (PERK) [25,26], which are maintained in an
inactive monomeric form by the interaction of their
luminal domain with the chaperone BiP. Accumulation
of unfolded proteins correlates with the disruption of
this repressive complex, oligomerization, and down-
stream activation of the UPR cascade [27,28]. Induction
of the UPR limits protein overload via a general decrease
in translation initiation and coordinated upregulation of
genes encoding proteins involved in folding (e.g., chaper-
ones) and ER-associated degradation (ERAD). Interest-
ingly, these pathways are activated upon cell exposure to
SFAs [29–34].

Because exogenously supplied fatty acids are efficiently
incorporated into PLs [35–37], several studies point at
saturated PLs as the direct cause of ER-stress as a result
of their impact on membrane properties. This includes
modification of calcium permeation, perturbation of pro-
tein folding, and changes in the oligomeric state of IRE1.
For example, palmitate promotes depletion of ER calcium
stores [30,38] in a process that could be related to direct
effects of saturated PLs on sarcoplasmic-endoplasmic
reticulum calcium ATPase (SERCA) pump activity [30].
In vitro studies demonstrate that SERCA-2b activity is
inhibited when reconstituted into microsomes containing
saturated PLs [39]. Saturated PLs also induce the accu-
mulation of misfolded proteins. Treating SFA-intoxicated
cells with pharmacological chaperones that stabilize pro-
tein conformation alleviates SFA-induced UPR [37,40–
42]. Various causes could account for misfolded protein
accumulation under SFA treatment. First, the translocon,
which catalyzes the translocation of newly translated
proteins towards the lumen, is sensitive to membrane

Box 1. Acyltransferases and PL diversity

The fatty acid composition at both sn-1 and sn-2 positions of PLs

differs in various cell types and tissues. Asymmetry and diversity of

membrane PLs are generated through the de novo pathway and the

remodeling pathway [18]. PLs are formed from glycerol-3-phosphate

(G3P) by the Kennedy pathway. Next, using acyl-CoAs as donors, the

sn-2 acyl moiety of PLs is remodeled in the Lands’ cycle, which is

conducted by the concerted actions of phospholipase A2 (PLA2) and

lysophospholipid acyltransferase (LPLAT) enzymes. The Kennedy

pathway and the Lands’ cycle were proposed in the 1950s. However

the corresponding LPLATs were discovered only recently [15]. LPLATs

are divided into two families: the 1-acylglycerol-3-phosphate O-

acyltransferase (AGPAT) family and the membrane-bound O-acyl-

transferase (MBOAT) family.

In the AGPAT family, GPAT1-4 and LPAAT1-4 produce lysopho-

sphatidic acid (LPA) and phosphatidic acid (PA) in the Kennedy

pathway, respectively, whereas the other members are Lands’ cycle

enzymes. LPCAT1 is mainly expressed in the lung and generates PAF

and dipalmitoyl-PC, which is a main component of pulmonary

surfactant essential for respiration [5]. LPCAT2 functions in inflam-

matory cells to synthesize platelet-activating factor (PAF) and PC.

LPCAT2 is phosphorylated and is activated by extracellular stimuli

such as ATP, PAF, and lipopolysaccharide [103]. LPEAT2 is expressed

in the brain and produces PE. LPGAT1 and LCLAT1 generate

phosphatidylglycerol (PG) and CL, respectively. In the MBOAT family,

LPCAT3, LPCAT4, LPEAT1, and LPIAT1 have been identified. LPIAT1

synthesizes phosphatidylinositides (PI) containing arachidonic acid,

the main forms of PI [94]. LPCAT3 (PC, PE, and PS production),

LPCAT4 (PC and PE), and LPEAT1 (PE and PS) possess several

enzymatic activities and show different expression patterns, suggest-

ing specific roles in different tissues [15].

PC is the major PL and displays a highly-diverse fatty acid profile

depending on the tissue [5]. Fatty acid enrichment of PC can be

regulated by two reactions: the LPAAT step in the Kennedy pathway

and the LPCAT step in the Lands’ cycle. The molecular mechanism of

PC fatty acid determination was examined using LPAAT1, 2, and 3, as

well as LPCAT1, 2, 3, and 4. From enzymatic assay and PC composition

of several tissues, the LPCAT step seems to control the formation of PC

species containing 16:0 and 18:1 at sn-2, whereas the LPAAT step

seems to control the incorporation of 18:2 and 22:6 in PC at the sn-2
position. Further investigations will be necessary to understand the

diversity of other PLs, such as PS, PE, PI, PG, and CL. Regulation of fatty

acid diversity at the sn-1 position should be also clarified.
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organization [43]. Second, many ER chaperones are depen-
dent on calcium [44], the homeostasis of which is altered
under palmitate accumulation.

Intriguingly, recent studies suggest that lipid disequi-
librium could induce UPR by a direct effect on IRE1 and
PERK [45,46]. Mutants of these proteins lacking the lumi-
nal unfolded protein-sensing domain still respond to in-
creased lipid saturation [45]. Moreover, increasing PL
saturation in reconstituted liposomes that are devoid of
unfolded ER client proteins enhanced the activity of a
PERK variant devoid of its luminal domain [45]. Even
though the mechanism for saturated PL-induced PERK
clustering is a matter of debate [47], these observations
suggest that misfolded protein accumulation may not be
the only signal for UPR induction under SFA accumula-
tion. Dimerization of IRE1 and PERK upon overload of the
ER membrane with saturated-PLs might allow the cell to
anticipate future protein misfolding problems induced by
these lipids. Conversely, the fact that a component of the
ERAD machinery, Ubx2p, has been identified as a key
activator of yeast D9 desaturase [48] suggests a feedback
loop whereby ER stress induced by misfolded proteins
promotes correction of the ER unsaturation level.

PL monounsaturation, membrane curvature, and
protein adsorption
How the ratio between saturated and monounsaturated
PLs controls transmembrane helices oligomerization at
the ER remains elusive, although several mechanisms
have been proposed [49]. By contrast, the monounsaturat-
ed/saturated PL ratio has another impact that is more

straightforward to rationalize. Introducing monounsatu-
rated PLs at the expense of saturated ones facilitates the
membrane adsorption of several cytosolic proteins acting
on the ER or ER-derived organelles such as autophago-
somes or Golgi [2]. In general, these proteins contain large
amphipathic membrane anchors, and their preference for
monounsaturated PLs correlates with an acute sensitivity
to membrane curvature [2,50,51].

The motifs that allow peripheral proteins to sense the
combinatory effects of monounsaturated PLs ratio and
membrane curvature have been reviewed elsewhere
[50]. We recall here the underlying mechanism, which
revolves around the idea of ‘voids’ or lipid-packing defects
(Figure 2A). In this simple geometrical model, lipids are
considered as rather stiff objects. When membrane curva-
ture increases, or when monounsaturated PLs are substi-
tuted for saturated ones, the lipid geometrical
arrangement is perturbed and packing defects gradually
appear, which could host hydrophobic anchors from pro-
teins [52,53].

Combining the effect of curvature and lipid monounsa-
turation in vitro can change protein adsorption by two
orders of magnitude, suggesting a potent regulatory mech-
anism [50–52,54]. Testing the relevance of this mechanism
in vivo is challenging because it requires mastering both
the geometry and lipid composition of cellular membranes.
However, recent data are in agreement with the model.
Excess levels of saturated PLs hamper processes as diverse
as ER-to-Golgi trafficking or autophagosome formation,
and promote the membrane dissociation of some key asso-
ciated proteins [54–57].
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Figure 2. Cooperation between monounsaturated phospholipids (PLs) and curvature for protein insertion. (A) Elementary view of the effects of membrane curvature and

lipid monounsaturation on the formation of lipid-packing defects. This naive model considers the gross shape of lipids as well as their relative tilting due to curvature. It

accounts, at least qualitatively, for the cumulative effects of membrane curvature and lipid monounsaturation on the adsorption of model amphipathic motifs at the

membrane-water interface [50,52,53]. (B) Molecular dynamics simulations give a more realistic view of the effect of lipid composition and membrane shape on the

formation of lipid-packing defects [54,58–60]. The example shown here considers a membrane tube made of a single lipid (C16:0-C18:1-PC) that has been ‘coarse-grained’ to

minimize calculations. Scanning the membrane surface allows identifying ‘voids’ (i.e., lipid-packing defects). The statistical distribution of these voids confirms the

cumulative effects of membrane curvature and monounsaturation on lipid-packing defects.
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Molecular dynamics simulations of lipid-packing
defects
Although the scheme of Figure 2A is obviously naı̈ve
because lipids are not stiff, addressing the molecular or-
ganization of lipids in bilayers of different compositions
and geometries is experimentally very difficult. To over-
come these limitations, and to investigate microscopic
properties of lipid assemblies, a powerful methodology is
molecular dynamics simulations (Box 2), a computational
approach that allows investigating the behavior of lipid
membranes with atomic-level resolution. Using this tech-
nique it has been possible to characterize lipid-packing
defects occurring at the membrane–water interface, there-
by providing a topographic description of lipid bilayers
[54,58,59] (Figure 2B). Despite being transient (with life-
times in the picosecond regime), lipid-packing defects are
ubiquitous and can be precisely quantified for all types of
lipid assemblies. Their size displays a characteristic expo-
nential distribution (large defects are much less frequent
than small ones).

Molecular dynamics simulation of varying membrane
geometries and compositions show that lipid-packing
defects increase with positive curvature, and also with
the introduction of monounsaturated PLs at the expense
of saturated ones [54]. Most importantly, curvature and PL
monounsaturation have a cumulative effect towards the
promotion of lipid-packing defects, whereas curvature
alone, in the presence of saturated PLs, is not sufficient
to promote membrane adsorption of peripheral proteins, in
agreement with experimental data [54,58–60]. This exam-
ple suggests that molecular dynamics simulations can
provide an atomic view of an intuitive but elusive model
of PL organization, and complements other approaches
that consider membranes as continuum material
[61]. The simulations show that lipid-packing defects do
not necessarily localize at the position of the most conical
lipids [59] and need to coalesce to provide enough volume to
host large hydrophobic insertions [58]. Nevertheless,

saturated and monounsaturated PLs are relatively simple
lipids for which a large body of experimental data exists,
making their simulations a not too risky task.

PL polyunsaturation in phototransduction
Phototransduction, one of the best-characterized trans-
duction cascades, occurs in a membrane rich in v3 lipids.
In the photoreceptor discs, DHA (22:6-n3) accounts for
50% of the PL acyl chains [62]. The proteins involved in
phototransduction, namely the light receptor rhodopsin,
the G protein transducin, and its effector, a cGMP phos-
phodiesterase, have been reconstituted into artificial lipo-
somes. This reductionist approach revealed that
replacing C16:0-C18:1 by C18:0-C22:6 PLs increases
the rates at which rhodopsin switches to the active
state and subsequently activates GDP/GTP exchange
on transducin [57,63,64]. Because the first reaction is a
monomolecular process that occurs within the hydropho-
bic matrix, whereas the second reaction is a bimolecular
process that occurs at the surface of photoreceptor discs,
these observations suggest that polyunsaturated PLs
provide two advantages: they facilitate the movements
of the helical segments of rhodopsin and they accelerate
in-plane diffusion of peripheral proteins.

Biophysical measurements of the behavior of
polyunsaturated PLs in bilayers
Studies on phototransduction have stimulated detailed
biophysical studies on the behavior of polyunsaturated
PLs in model membranes [65,66]. Neutron and X-ray
diffraction as well as NMR measurements revealed that,
in bilayers containing mixed acyl chain PLs (e.g., C16:0-
C18:1 vs C18:0-C22:6), polyunsaturated acyl chains occupy
more space at the water interface than saturated or mono-
unsaturated chains, despite polyunsaturated acyl chains
being generally longer (e.g., C22:6 vs C18:1). This counter-
intuitive finding suggests that polyunsaturated acyl chains
are not extended but are curled (Figure 3A). However,

Box 2. Molecular dynamics (MD) simulations

MD is a computational methodology that is used to simulate the

physical movement of systems composed of several atoms. Origin-

ally developed in the context of theoretical physics, this technique is

now used in several domains, from physical chemistry to material

science, to investigate with high-resolution the behavior of multi-

atom systems that are difficult or expensive to characterize experi-

mentally.

In a MD simulation, all atoms in the system are treated as classical

particles (i.e., quantum effects are neglected), and forces and energies

between atoms are described using a so-called molecular mechanics

force-field – in other words a simplified potential energy function

where the interactions between atoms are subdivided into bonded

(bonds, angles, and dihedrals) and non-bonded (electrostatic and Van

der Waals) terms. Specifying these interactions requires a large

number of parameters (e.g., equilibrium values and force constants

for bonds, angles, and dihedrals; electrostatic charges; van der Waals

parameters) that are usually obtained from either experiments or

high-level quantum mechanical calculations. Once these parameters

have been set, the dynamics of the system is studied by numerically

integrating the equations of motion, up to the statistical convergence

of the properties of interest.

Because of the numerous approximations that are carried out to

make the problem tractable, the results from MD need to be validated

by experimental data. When the agreement with experimental data is

satisfactory, the simulations are used to explain the experimental

results and to study phenomena that could not be otherwise

investigated with experimental techniques.

In the past few decades, MD has emerged as one of the most

powerful tools to investigate the atomistic properties of lipid

membranes because the structural characterization of lipid bilayers

with atomic-level resolution is hindered by the high disorder of their

physiological liquid-crystalline phase.

Several atomistic force-fields able to simulate lipid bilayers are

currently available and under constant development; they have been

able to satisfactorily reproduce several properties of lipid bilayers that

can be measured experimentally using different diffraction or

biophysical techniques, such as area per lipid, hydrophobic thickness,

deuterium order parameters, or membrane elasticity (see [104] and

http://nmrlipids.blogspot.fr).

Coarse-grain models, where several atoms are grouped together

and represented by a single bead, and where the potential energy

function is further simplified, are also under heavy development in

the field of lipid membranes. They have been successfully used to

interpret and predict large-scale membrane remodeling processes,

including vesicle formation, membrane fusion, and membrane fission

[105–107].
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because acyl chains undergo fast motions in bilayers (in the
ns scale), biophysical approaches cannot give snapshots of
their conformations but instead reveal trends as deduced
from mean orientation and density measurements across
the bilayer.

Polyunsaturated PLs as contortionists
Polyunsaturated acyl chains were initially considered to be
more rigid than saturated acyl chains because a C=C bond
cannot rotate about its axis. In polyunsaturated acyl
chains, however, the C=C bonds are systematically flanked
by two saturated bonds. Calculations and simulations
revealed that this regular pattern of one non-rotating
and two rotating bonds decreases the energy of rotation
about the saturated carbons [32,67,68] (Figure 3A). The
exceptional flexibility of polyunsaturated acyl chains gives
a straightforward explanation for their benefit on the
activation of rhodopsin and, more generally, on many
membrane-embedded proteins as well as on the orienta-
tion of fluorescent probes [69–71] (Figure 3B). Polyunsat-
urated PLs quickly adapt their conformation to follow the
rapid structural transitions of the rugged surface of trans-
membrane helix bundles [66,72].

PL polyunsaturation in synaptic functions
Synaptic vesicles (SV) deliver neurotransmitters in the
synaptic cleft in response to action potentials. Although
the abundance of polyunsaturated PLs is a remarkable
feature of SVs [11] (Figure 1C), studies on the role of lipids
in the cycling of these organelles have focused on other
aspects [73]. In this section we present a hypothesis for the
role of polyunsaturated PLs in SVs, which was inspired by
observations made years ago but was formulated only
recently [74].

In 1986, electron microscopy studies revealed that,
among all exogenous factors that promote the formation
of synaptic vesicles in cultures of fetal hypothalamic cells,
the polyunsaturated fatty acids C20:4 and C22:6 were the
most efficient [75]. The authors proposed that the features
of SVs in PUFA-supplemented media, notably their regu-
lar shape and small diameter, as well as their abundance,
reflect an enhancement of membrane fluidity in agreement
with the model of Singer and Nicolson. Despite its pre-
science, this study was largely ignored. Later, other
researchers reported that deficiency in polyunsaturated
fatty acid synthesis in Caenorhabditis elegans leads to
abnormally low levels of synaptic vesicles and defects in
neurotransmitter release [76].

In 2000, physicists reported a striking effect of acyl
chain polyunsaturation on the mechanical properties of
giant liposomes made of synthetic PC. When PC contained
at least one polyunsaturated acyl chain, the resistance of
the bilayer against bending dropped abruptly by twofold,
irrespective of the exact chemistry of the acyl chain [77].

Together, these seemingly disparate observations offer
a straightforward explanation for the benefit of polyunsat-
urated PLs in SVs: these lipids would make the neuronal
membrane more flexible and thus more prone to respond to
the mechanical work exerted by proteins (Figure 3C). This
would explain why SVs are the smallest membrane-
enclosed organelles (diameter = 40 nm) and why their
formation is so fast [78]. Recent experiments conducted
with model lipid bilayers and with proteins involved in SV
retrieval support this hypothesis [74]. First, the fission
activity of the dynamin–endophilin complex, which forms a
transient spiral at the neck of endocytic structures in the
presence of GTP, increased dramatically upon the incorpo-
ration of C18:0-C22:6-n3 PLs at the expense of C16:0-C18:1
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Figure 3. The conformational flexibility of polyunsaturated phospholipids (PLs) facilitates fast protein movements and membrane bending. (A) In contrast to

monounsaturated acyl chains, which have a single optimal conformation, polyunsaturated acyl chains switch easily between different conformations of equivalent energy

but drastically different geometry. (B) The flexibility of polyunsaturated PLs allows them to easily accommodate the sudden conformational change of proteins, such as the

movements of the transmembrane helices from the GPCR rhodopsin depicted here. (C) Similarly, polyunsaturated PLs adapt their conformation to membrane shape, hence

facilitating the mechanical action of proteins that bend and fission membranes.
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PLs [74]. Second, the PM of non-neuronal cells that are
forced to incorporate C22:6 in their PLs becomes more
deformable by an external pulling force and more permis-
sive to endophilin-driven endocytosis [74].

The shape and function of SVs and of photoreceptor
discs are anything but similar. However, the benefits
provided by polyunsaturated PLs in both membranes
might originate from the same property: the ability of
polyunsaturated chains to change their conformation
(Figure 3B and 3C). Biochemical experiments and molecu-
lar dynamics simulations suggest that polyunsaturated
PLs correct the lipid-packing defects induced by membrane
curvature by filling the defects through their hyperflexible
tail [74,79,80]. This finding gives a molecular explanation
for the decrease in membrane bending rigidity [74,77], and
may also explain some puzzling effects of polyunsaturated
PLs on the targeting of lipidated proteins [81]. Moreover, it
underlines a key qualitative difference between polyunsat-
urated PLs and other lipids. Whereas most lipids display
an intrinsic shape (e.g., conical, cylindrical, or inversely
conical), polyunsaturated PLs escape this classification.
Like contortionists, they adopt different shapes of similar
energy, thereby softening various membrane mechanical
stresses (Figure 3A–C).

The proteins involved in SVs retrieval are well known,
but the order in which they shape the synaptic membrane
remains under intense investigation [82,83]. Recent stud-
ies suggest a two-step process in which endophilin and
dynamin act first to promote the production of a transient
endosome, which is then transformed into authentic SVs
through the action of the AP2–clathrin coat [84–86]. The
first step is super-fast [78] and, given the prominent role of
endophilin and dynamin at this stage, it is tempting to
associate this feature with the abundance of polyunsatu-
rated PLs at the synapse [74].

Two recent studies nicely illustrate the effect of polyun-
saturated PLs on membrane mechanics in other neuronal
contexts. In C. elegans, mutating the enzymes involved in
the synthesis of C20:4-n6 or in its incorporation into PLs
causes a defect in touch sensation [87]. However, the defect
is not complete, suggesting that polyunsaturated PLs
merely make the membrane of sensory neurons more
permissive to mechanotransduction. This effect could re-
sult from a reduction in the force threshold that leads to
membrane deformation and/or from a facilitation of the
conformational change of the channel. In Drosophila, ma-
nipulating the diet to decrease the amount of polyunsatu-
rated PLs in the rhabdomere causes a decrease in the
speed and gain of phototransduction [88]. Because this
defect correlates with a stiffer membrane, this observation
suggests that the membrane physical properties affect the
gating of a mechanosensitive channel downstream of the
phototransduction cascade. More generally, many chan-
nels exhibit strong sensitivity to both mechanical stress
and lipid composition, and are excellent candidates to
detect subtle changes in the hydrophobic membrane ma-
trix [89–91].

Concluding remarks
Simple organisms contain only saturated and monounsat-
urated lipids, highlighting a fundamental role of the

monounsaturated/saturated ratio for elementary func-
tions. This ratio ranges from low values in membranes
with a protective barrier function (apical membrane of
epithelial cells, lung surfactant) [1], to high values in
membranes with a biosynthetic function, as exemplified
by the ER (Figure 1B). The evolutionary pressure for the
conservation of D9 desaturase and the resulting selection
of oleate (C18:1-n9) might then reflect an economical way
to synthesize an acyl chain whose structure creates
enough packing defects in membranes to host reactions
associated with a huge transfer of material, such as
the folding of transmembrane helices. Not surprisingly,
this feature is hijacked by some pathogens, which take
advantage of loose lipid-packing at the ER for their own
replication [92].

The concepts that are operational to understand the
differences between saturated and monounsaturated PLs
(cylindrical vs conical shape, tight vs loose packing, barrier
vs biogenic function) are not adapted to understanding the
properties of polyunsaturated PLs. Functionally, the hall-
mark of these PLs is their abundance in membranes that
host super-fast and efficient reactions (e.g., phototransduc-
tion, ATP synthesis, neurotransmission). Molecularly,
their distinguishable feature is their fast adaptation: like
contortionists, they are alternatively cones, cylinders, or
hairpins to minimize the packing stress that results from
the fast switch of transmembrane proteins or the mechan-
ical work of membrane-bending proteins. In other words,
polyunsaturated PLs are not a type of ‘super’ monounsat-
urated PLs; they are just different.

The examples evoked here might help in understanding
the traits imparted by saturated, monounsaturated and
polyunsaturated lipids in other organisms, cells, or orga-
nelles (Box 3). Such studies will require careful lipid analy-
sis, notably at the subcellular level, as well as sensitive
functional assays and tedious reconstitution experiments,
notably of structural fission and fusion intermediates [93],
because the effects are likely to be subtler than those
observed by the deletion of essential proteins. The nematode
C. elegans, which is amenable to genetic manipulation and
displays a large set of enzymes for lipid remodeling, provides
a useful model [7,76,78,94–96]. In addition, recent advances
in gene-editing technology open the possibility of compre-
hensive studies of the impact of lipid remodeling in cultured
cells. Another challenge is to determine the spatial and
temporal control of lipid remodeling at the subcellular level:
most lipid remodeling enzymes have been reported to

Box 3. Outstanding issues

� Lysophospholipid acyltransferase specificity, regulation and

structure

� Spatiotemporal control of PL acyl chain remodeling

� Control of the monounsaturated/saturated PL ratio along the

secretory pathway

� Origin of the gradient of polyunsaturated PLs along axons

� Structure of polyunsaturated PLs in fission and fusion intermedi-

ates

� Correlation between fast endocytosis at the synapse and poly-

unsaturated PLs

� Differences between v3 and v6 PLs in synaptic functions

� Impact of the acyl chain remodeling of phosphoinositides on

cancer cells
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localize at the ER, but their lipid products clearly concen-
trate at specific locations. Last, we are far from understand-
ing all subtle changes that distinguish fatty acyl chains in
PLs. For example, the difference between v3 and v6 PLs is
not clear-cut: both seem prone to rapid conformational
changes, but the current experimental data and simulations
are fragmentary [65,66,97,98].

Counterexamples of the general trends of acyl chain
distribution will also deserve special attention. The ER is
not made exclusively of monounsaturated lipids: long sat-
urated lipids might participate in the creation of diffusion
barriers important for the segregation of proteins [99]. Con-
versely, monounsaturated lipids in the exoplasmic leaflet
of the PM membrane are privileged targets for toxins that
drive membrane invagination [100]. Overall, lipid species
whose acyl chains differ in length and unsaturation from
bulk lipids are more likely to have specific roles, a promi-
nent example being phosphoinositides (PI) [94,101]. During
nuclear envelope formation, polyunsaturated PIs are cru-
cial for membrane fusion events [102]. In cancer cell lines, a
marked shift in the length and unsaturation of PIs has
been reported recently, but its impact on cellular functions
is unknown [24].
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