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The plasma membrane has a highly asymmetric distribution of lipids and contains
dynamic nanodomains many of which are liquid entities surrounded by a second,
slightly different, liquid environment. Contributing to the dynamics is a continuous
repartitioning of components between the two types of liquids and transient links
between lipids and proteins, both to extracellular matrix and cytoplasmic components,
that temporarily pin membrane constituents. This make plasma membrane nanodomains
exceptionally challenging to study and much of what is known about membrane domains
has been deduced from studies on model membranes at equilibrium. However, living
cells are by definition not at equilibrium and lipids are distributed asymmetrically with
inositol phospholipids, phosphatidylethanolamines and phosphatidylserines confined
mostly to the inner leaflet and glyco- and sphingolipids to the outer leaflet. Moreover,
each phospholipid group encompasses a wealth of species with different acyl chain
combinations whose lateral distribution is heterogeneous. It is becoming increasingly
clear that asymmetry and pinning play important roles in plasma membrane nanodomain
formation and coupling between the two lipid monolayers. How asymmetry, pinning, and
interdigitation contribute to the plasma membrane organization is only beginning to be
unraveled and here we discuss their roles and interdependence.

Keywords: membrane nanodomains, molecular pinning, liquid ordered domains, interleaflet coupling, membrane
asymmetry, lipid interdigitation, phospholipid distribution

MEMBRANE ASYMMETRY

Already in the early 1970 it was known that the human erythrocyte membrane displays
leaflet asymmetry in the phospholipid composition (Bretscher, 1972; Verkleij et al., 1973) with
most phosphatidylcholine (PC) and sphingomyelin (SM) present in the outer leaflet, whereas
phosphatidylserine (PS), phosphatidylethanolamine (PE), and phosphatidylinositol (PI) are in the
inner leaflet (Figure 1). This architecture has often been regarded as a prototype of the plasma
membrane of mammalian cells.

In recent years methods to produce asymmetric phospholipid membranes have been developed
and together with sophisticated molecular simulation techniques, they have provided compelling
evidence that lipids in one leaflet of the membrane can influence molecular diffusion and domain
formation of lipids in the other leaflet without protein intervention, i.e., interleaflet coupling. In
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FIGURE 1 | Phospholipid asymmetry in the erythrocyte membrane. The
colors indicate the asymmetric distribution of phospholipids. The range in
percentages indicates the amounts present in the preferred leaflet [all but the
GSLs (Lingwood, 2011) from Table 1 from Zachowski (1993)]. Note that most
phospholipids are also likely to be present in the less favored leaflet, albeit in a
small amounts. Cholesterol is also a major component of the membrane but is
not shown.

these studies, model membranes with perfect phospholipid
distribution asymmetry are often used, for example with PC
and/or SM in one of the leaflets and PS, PE, and/or PI confined
to the opposite leaflet. However, in natural membranes, no
phospholipid species is likely to distribute exclusively to only one
leaflet and also small “imperfections” in asymmetry might have
a significant impact in some membrane properties as we discuss
below.

To better understand the properties of natural membranes, it
is important to establish the degree of asymmetric phospholipid
distribution. We will therefore summarize what is known about
the distribution of individual lipids in the plasma membrane
leaflets of mammalian cells. Here we have to emphasize two
points. The first is the divergence between cell types: the most
well-studied human erythrocyte membrane and the plasma
membrane of other cells. The second is the degree of asymmetry:
an asymmetric distribution of a particular lipid means that the
distribution between the two leaflets is not 50:50. It could be
60:40, but it could also be nearly 100:0, and the distribution or
any change thereof is likely to influence membrane properties.
Using the lipid distribution data from natural membranes, we
should be able to generate realistic models to explain the role
of the asymmetric lipid distribution in cellular processes taking
place in membranes.

LIPID ASYMMETRY IN THE PLASMA
MEMBRANE

Phosphatidylcholine

PC in the human erythrocyte membrane is predominantly found
in the outer leaflet, and the proportion of PC in the outer
leaflet was estimated to be 76-78% (Verkleij et al., 1973; van
Meer et al.,, 1981). This level of asymmetry does not appear
to exist in other cell types or even in erythrocytes of other
species. For example, the proportion of PC in the outer leaflet
of mouse, rat, and monkey erythrocyte membranes was reported

to be 50% (Rawyler et al., 1985), 62-63% (Renooij et al.,
1976; Crain and Zilversmit, 1980), and 67% (Van der Schaft
et al,, 1987). The PC distribution was examined by biochemical
methods, utilizing covalent binding of membrane-impermeable
reagents (Gordesky and Marinetti, 1973; Whiteley and Berg,
1974), enzymatic digestion (Verkleij et al., 1973), or use of
phospholipid exchange proteins (Barsukov et al., 1976), but
these methods are not appropriate for accurate measurement
of asymmetry (Op den Kamp, 1979; Etemadi, 1980; Zachowski,
1993). Nevertheless, the divergent results from erythrocytes of
different species were obtained by similar methods, suggesting
that the PC distribution in non-human erythrocytes may not
show such extreme asymmetry across the plasma membrane
leaflet as that found in human erythrocytes.

More recently, freeze-fracture replica labeling EM utilizing
metabolic labeling with a clickable choline analog indicated that
PC exists in equivalent amounts in both leaflets of the plasma
membrane in cells other than erythrocytes (Iyoshi et al., 2014). In
contrast, studies applying an anti-PC antibody to freeze-fracture
replicas showed predominant labeling in the outer leaflet, but the
capture ratio was extremely low (Fujimoto et al., 1996; Murate
et al,, 2015), at least partially because the antibody preferentially
detected only some PC subpopulations (Nam et al., 1990).

Although the exact ratio of PC in the two leaflets is not clear,
the bulk of the data suggests that more than 20% of PC could exist
in the inner leaflet of the erythrocyte membrane. In the plasma
membrane of other cell types, the proportion of PC in the inner
leaflet may be even higher.

Aminophospholipids

Both PS and PE were initially thought to be confined to the
inner leaflet of the human erythrocyte membrane, and a similar
asymmetry was assumed to be a general property of all plasma
membranes. Lack of cell surface binding of PS-specific annexin
V (Koopman et al., 1994) and PE-specific Ro09-0198 (Emoto
et al., 1996) in normal interphase cells further strengthened the
assumption. However, the result with annexin V and Ro09-0198
only suggested that the level of PS and PE in the outer leaflet is
below a threshold level, and cannot necessarily be equated with
their complete absence. Actually, biochemical studies indicated
that a sizable fraction of PS and PE exists in the outer leaflet,
and moreover, that the proportion in the outer leaflet is highly
variable among different cell types, 0-44% (PS) and 0-73% (PE)
(it is generally higher for PE than PS; see tables in Devaux, 1991;
Zachowski, 1993 for summary of results). Although the methods
used in those studies may not be accurate or quantitative (Op den
Kamp, 1979; Etemadi, 1980; Zachowski, 1993), it is difficult to
explain the divergent results by the methodological insufficiency
alone. We presume that non-negligible amounts of PS and PE
distribute to the outer leaflet of the plasma membrane in most
cells.

Phosphatidylinositol and
Phosphoinositides

PI is also assumed to exist largely in the inner leaflet of the
plasma membrane, but biochemical studies indicated that PI may
also be present in the outer leaflet in the human erythrocyte

Frontiers in Cell and Developmental Biology | www.frontiersin.org

January 2017 | Volume 4 | Article 155


http://www.frontiersin.org/Cell_and_Developmental_Biology
http://www.frontiersin.org
http://www.frontiersin.org/Cell_and_Developmental_Biology/archive

Fujimoto and Parmryd

Interleaflet Coupling, Pinning, and Leaflet Asymmetry

membrane as well as in the outer plasma membrane leaflet of
several nucleated cell types (Rawyler et al., 1985; Biitikofer et al.,
1990; Gascard et al., 1991). The lack of a PI specific probe makes
it difficult to confirm the above result microscopically, but several
phosphoinositides could be labeled at the cell surface by applying
membrane-impermeable probes (Gascard et al., 1991; Kale et al.,
2010). This suggests that inositol phospholipids are present
in the outer leaflet of the plasma membrane as physiological
constituents.

Sphingomyelin

The proportion of SM in the outer leaflet of the human
erythrocyte membrane was reported to be 80-85% (Verkleij
et al., 1973) and 79% (van Meer et al., 1981). In contrast to PC,
erythrocytes of other species also showed a similar or even higher
fraction of SM in the outer leaflet (Renooij et al., 1976; Crain
and Zilversmit, 1980; Rawyler et al., 1985; Van der Schaft et al.,
1987). Also in other cell types, the proportion of SM in the outer
leaflet was generally shown to be higher than that of PC (see
tables in Devaux, 1991; Zachowski, 1993 for summary of results).
Nevertheless, it is notable that a significant proportion of SM, e.g.,
10-20%, is found in the inner leaflet when biochemical methods
are used. In addition, freeze-fracture replica labeling EM also
showed labeling of the inner leaflet with an SM-binding toxin,
lysenin (Murate et al., 2015). Quantitativity and specificity of the
lysenin labeling in freeze-fracture replica needs to be rigorously
tested, but the result is consistent with the presence of SM in the
inner leaflet of the plasma membrane.

Glycosphingolipids

Glycosphingolipids (GSLs) are generally believed to exist only in
the outer leaflet. Glucosylceramide and galactosylceramide start
their synthesis at the cytoplasmic side of the ER and the Golgi,
and are then flipped to the luminal side for further glycosylations.
Complex GSLs like gangliosides are not likely to flip back to the
cytoplasmic leaflet because of their bulky hydrophilic headgroup,
but short carbohydrate chain GSLs can translocate across the
membrane (Buton et al., 2002). Therefore, the presence of a small
amount of GSL in the inner leaflet of the plasma membrane
cannot be excluded.

Cholesterol

Despite the development of new methodologies (Frisz et al., 2013;
Solanko et al., 2015), neither the lateral distribution of cholesterol
nor its distribution across the two plasma membrane leaflets is
well-characterized (Marquardt et al., 2015). A polyene antibiotic,
filipin, has been used frequently to visualize endogenous
cholesterol distribution both by fluorescence microscopy and
EM. Filipin has been reported to probe also GM1 (Arthur
et al,, 2011), but given that 5-7 mol% cholesterol required for
filipin visualization in membranes (Behnke et al., 1984) and the
scarcity of GM1 this should not be a problem in cell staining.
However, membrane deformation caused by filipin-cholesterol
complex formation does not indicate in which leaflet of the
membrane cholesterol exists. As an alternative, analogues with
various fluorescent tags have been used, but none of them give
satisfactory results, because the presence of large tags significantly

changes the molecular property of cholesterol, in particular the
quick flip-flop between the two leaflets (Klymchenko and Kreder,
2014; Sezgin et al., 2016).

Dehydroergosterol, that is very similar to cholesterol in the
molecular structure, is considered to be the best fluorescent
analog. Its optical properties are not favorable for imaging, but
a study using dehydroergosterol showed its enrichment in the
inner leaflet (Mondal et al., 2009), which is in accordance with
theoretical considerations (Giang and Schick, 2014; Falkovich
etal,, 2016). In contrast, preferential distribution of cholesterol to
the outer leaflet of the human erythrocyte membrane was shown
by biochemical analysis of a phospholipid monolayer obtained by
freeze-fracture (Fisher, 1976). It is not clear whether the disparity
between the two studies is derived from difference between the
cell types examined, methodology, or both.

Acyl Chains

The acyl chain composition of phospholipids is thought to be a
critical factor to determine properties of individual membrane
leaflets, but our knowledge of this aspect is even less complete
than that of the head groups. Classical work using thin layer
chromatography and phospholipase hydrolysis suggested that the
proportion of saturated and unsaturated acyl chains is highly
variable between different phospholipid species and also between
different tissues (Yabuuchi and O’Brien, 1968; Wood and Harlow,
1969). Tandem mass spectrometric analysis confirmed the tissue-
to-tissue variation, but it also indicated that PS, PE, and PI tend
to have a higher proportion of polyunsaturated acyl chains than
PC, which is enriched with mono- and di-unsaturated acyl chains
(Hicks et al., 2006).

It is largely unknown how phospholipids with different acyl
chain compositions distribute two-dimensionally in the plasma
membrane. Notably, PC of particular acyl chain compositions
were shown to have heterogeneous distributions along the
neuronal axon both when assessed by imaging mass spectroscopy
(Yang et al,, 2012) and by use of a unique monoclonal antibody
(Kuge et al, 2014). But with these methods, it is not easy
to distinguish acyl chains in one leaflet of a membrane from
another. Freeze-fracture may be one of a few possible ways to
separate the two leaflets, but has not yet been used for analysis
of the acyl chain composition.

Ordered Membrane Nanodomains in the
Cytoplasmic Plasma Membrane Leaflet

Currently the co-existence of two liquid phases, liquid ordered
(lo)- and liquid disordered (ld), is the best explanation for
domains of differential lipid packing observed in the plasma
membrane although the perfect proof to characterize them as
phases is almost as challenging to obtain as the absolute evidence
for their dismissal. This neither means that proteins or lipids
could not also show local enrichment unrelated to differential
lipid packing, that plasma membrane domains need to be in the
micron range nor that cellular membranes are at equilibrium
(Ackerman and Feigenson, 2015; Mouritsen and Bagatolli, 2015).

An outstanding question in the membrane nanodomain field
is whether lo-domains can form in the lipid mixes present in the
inner leaflet of the plasma membrane. From model membrane
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studies it is clear that the lipid mixes mimicking the outer
plasma membrane leaflet (PC, SL, and cholesterol), can form co-
existing 1d- and lo-domains (Ahmed et al,, 1997; de Almeida
et al., 2003; Veatch and Keller, 2005). The main phospholipids
in the inner leaflet (PE, PS, and PC) can only form Id-phase
even in the presence of cholesterol (Wang and Silvius, 2001;
Kiessling et al., 2006). In fact, when the acyl chains of PE,
PS, and PC are mostly unsaturated, as they are in vivo, lipid
mixes with a high PE content do not even form a bilayer but
form a hexagonal or cubic phase (Boni and Hui, 1983) and
it was recently proposed that the high bending free energy of
PE is what attracts cholesterol to the inner leaflet (Giang and
Schick, 2014). Despite the failure of symmetric PE/PC/PS lipid
mixes to sometimes form bilayers, they do make up one half
of the cellular plasma membrane highlighting that effects of
asymmetric lipid compositions cannot be predicted from studies
of symmetrical model membranes. Moreover, the difference in
the membrane order of lo- and ld-domains in most model
membrane studies is far greater than that possible in the plasma
membrane considering its lipid composition, making predictions
of probe, lipid, and protein partitioning in the plasma membrane
from such studies of limited use.

In model membranes lo-domains can be characterized
biochemically by their insolubility in non-ionic detergents,
Triton X-100 (TX) being the most widely used, that when used
at 4°C produces detergent resistant membranes (DRMs) that
float in sucrose density gradients. The amount of TX-DRMs
reflects the fraction of lo-domains in the membranes (Ahmed
et al,, 1997) and the lipids retrieved in TX-DRMs can form lo-
phase (Schroeder et al., 1994). In cells, the relationship between
DRMs and lo-domains is more tenuous (Lichtenberg et al., 2005;
Ashrafzadeh and Parmryd, 2015; Sevcsik and Schiitz, 2016). TX-
DRMs from T cells are gigantic rather than nanosize (Magee
and Parmryd, 2003) and proteins normally resident in organelles
other than the plasma membrane appear in T cell TX-DRMs
(von Haller et al., 2001). However, TX-DRMs do suggest that lo-
domains in the two plasma membrane leaflets are coupled since
they are enriched in both sphingomyelin likely to originate from
the outer leaflet and saturated glycerophospholipids probably
originating from the inner leaflet relative to both total cell and
plasma membrane lipids (Fridriksson et al., 1999). Moreover, TX-
DRMs contain acylated proteins that in intact cells are anchored
to the inner plasma membrane leaflet indicative of, but not
evidence for, inner leaflet lo-domains (Melkonian et al., 1999).

Several other lines of investigation indicate that lo-domains
could exist in the inner plasma membrane leaflet and highlight
that leaflet asymmetry changes the behavior of monolayers. In
molecular dynamics (MD) simulations of asymmetric bilayers,
lo-domains in one leaflet can induce registered ordered domains
in an opposing leaflet with a composition that on its own
would not allow lo-domain formation (Perlmutter and Sachs,
2011; Polley et al, 2014). MD simulations and theoretical
considerations have also suggested the opposite possibility that
membrane fluidisation in one leaflet may cause a decrease in
the order of or even prevent phase separation in the opposing
leaflet (Wagner et al., 2007; Sun et al, 2015). In asymmetric
supported bilayers, lo-domains on the supported side can induce

lo-domains in the free side with inner leaflet lipid mixes that only
form ld-phase on their own (Kiessling et al., 2006), a process
that was later shown to require acyl chain diversity among the
inner leaflet lipids (Wan et al., 2008). In black membranes it
has also been demonstrated that 1d and lo phase separation
in one leaflet can induce phase separation in an opposing ld-
phase lipid mix and moreover that 1d and lo phase separation
can be suppressed by ld-phase lipid mixes (Collins and Keller,
2008). Also in asymmetric vesicles, produced by lipid exchange,
registered lo-domains can be induced in a ld lipid mix by an
opposing 1d and lo phase separated bilayer (Lin and London,
2015) and, conversely, a gel phase becomes less ordered than
that in symmetric bilayers when facing ld-phase (Heberle et al.,
2016). However, direct evidence of the existence of inner plasma
membrane leaflet lo-domains is still missing.

THE REGISTRATION OF MEMBRANE
NANODOMAINS IN THE TWO LEAFLETS

The aggregation of registered domains containing non-
transmembrane signaling molecules could facilitate signal
transduction across the plasma membrane by separating
deactivating molecules from their substrates (Simons and
Toomre, 2000; Magee et al., 2005; Mongrand et al., 2010), but
whether domains in cell plasma membranes are registered is
largely unknown. When 1d- and lo-domains co-exist in both
leaflets of a bilayer, they can adopt two strategies to minimize the
energy cost of the domain thickness mismatch. Domains could
either be registered to minimize the contact area between the two
phases, or anti-registered to minimize the difference in thickness
over the bilayer (Figure 2). Note that complete anti-registration
is only possible when each domain type occupies 50% of the
total membrane distributed at any fractional division between
the two leaflets. Since the proportion of plasma membrane lo-
and ld-domains in live cells is not fixed (Mahammad et al.,
2010; Owen et al., 2012; Dinic et al., 2013; Golfetto et al., 2015),
domain registration is the more likely scenario. Moreover, the
likely similarity in lipid composition of plasma membrane 1d-
and lo-phases favors their registration (Fowler et al., 2016).
Contributing factors to domain registration could be
transmembrane proteins, lipid interdigitation, membrane
curvature, line tension, cholesterol flip-flop, and electrostatic
interactions (Nickels et al., 2015) of which chain interdigitation

Id |

FIGURE 2 | Domain registration across the bilayer. Interleaflet interactions
favor domains in the two leaflets to be registered (A), whereas hydrophobic
mismatch favors domain antiregistration (B), which serves to even the
membrane thickness.
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has been invoked as the major contributing factor (May, 2009)
but also has been totally dismissed (Collins, 2008). A recent
experimental determination of the strength of the coupling
parameter that causes domain registration matches a theoretical
predictions with values around 0.01 kgT/nm? (Putzel et al.,
2011; Blosser et al., 2015), but considerably higher values have
also been suggested from theoretical considerations (May,
2009). Intriguingly, MD simulations of polymers have shown
that forced splitting of registered lo-domains make them move
toward one another long before they are in contact, i.e., they
sense each others presence through the 1d-phase (Pantano et al.,
2011). This suggests that coupling between lipids is substantial
and in symmetric bilayers the energy involved in the coupling
has been estimated to be around 100 cal/mol of phospholipid
(Zhang et al., 2007).

Recently, it has been argued both that line tension alone
(Galimzyanov et al., 2015) or the competition between line
tension and leaflet coupling determines domain registration
(Williamson and Olmsted, 2015). However, line tension
in the plasma membrane is likely to be small due to
the wide range of lipid species available to smoothen
any hydrophobic mismatch—a diversity that would also
result in a high similarity in the composition of co-
existing ld- and lo-domains. Thus the lipid diversity and
as well as the asymmetric lipid distribution need to be
incorporated into both theoretical and model membrane
studies. In their absence the results are less physiologically
relevant.

Registration of lo-domains in asymmetric bilayers has
been described in MD simulations, supported bilayers, black
membranes and vesicles (Collins and Keller, 2008; Wan et al.,
2008; Cheng and London, 2011; Chiantia et al., 2011; Perlmutter
and Sachs, 2011; Polley et al., 2014), indicating that registration
is the favored organization also in cells. Of note is that domain
coupling in supported bilayers is dependent on distancing the
membrane from the support (Garg et al., 2007).

We pioneered cell studies on the registration of plasma
membrane nanodomains between leaflets by using a probe that
exclusively report on the membrane order of the outer plasma
membrane leaflet. We found that decreasing the level of actin
filaments attached to inner plasma leaflet lipids resulted in a
lower fraction of lo-domains in the outer leaflet (Dinic et al,,
2013). The implication of our results is that a direct effect on one
plasma membrane leaflet is communicated to the other without
the involvement of transmembrane proteins.

SIZE OF DOMAINS

When interleaflet coupling is studied in liposomes and supported
lipid bilayers, domains of 1 wm or larger are usually examined,
but such large domains are not likely to exist in the plasma
membrane of most mammalian cells (Lingwood and Simons,
2010; Ashrafzadeh and Parmryd, 2015). Actually, studies using
single particle tracking indicated that a transient domain as
small as 10 nm can transmit signals to the cytoplasm to induce
physiological reactions (Suzuki et al., 2007a,b). Therefore, in

order to study physiological importance of domain registration
in the plasma membrane, domains in the small size range need to
be examined.

This is a challenging task, however, considering the methods
currently available. For example, GFP-tagged lipid-binding
proteins are commonly used as probes to define the lipid
distribution by fluorescence microscopy. But when one probe
molecule binds to the head group of a target lipid, which
should be in the range of ~1 nm in diameter, binding of
another probe molecule to adjacent target lipids is precluded
due to steric hindrance. This limitation is not derived from the
limitation in spatial resolution of microscopes, but from the large
size of probes compared to lipid head groups, so that use of
super-resolution microscopes is not helpful (for other potential
problems of the method, see Takatori et al., 2014). Interferometric
detection of scattering circumvents several of the problems of
particle tracking and has a lateral resolution in the low nm
scale (Lindfors et al., 2004), but has not yet been applied to
cells. Importantly tracking methods can, if cell topography is
accounted for (Adler et al., 2010), detect anomalous diffusion
caused by plasma membrane domain co-existence but do not
reveal what is causing domain formation; for example differential
lipid packing, protein concentration or charge aggregation.

In electron microscopy, colloidal gold particles of larger than
5-10 nm in diameter are often used as markers and one such gold
particle may overlay many lipid molecules (Fujita et al., 2007;
Zhou et al.,, 2014). Therefore, a cluster of colloidal gold labels
indicates enrichment of the target lipid in the area, but does
not necessarily indicate clustering of lipid molecules (although
clustering of lipids is likely to occur more frequently when their
local density is higher).

It is even more difficult is to examine whether domains in the
two leaflets are registered. Use of complementary freeze-fracture
replicas has enabled the examination of matching areas in the
two leaflets (Hagiwara et al., 2005), but even with this method,
the registration of small domains is difficult to study without a
technical breakthrough.

CROSSING THE MID-LINE—A PRIVILEGE
OF ASYMMETRIC LIPIDS WITH ONE LONG
ACYL CHAIN

The lipid raft hypothesis states that small tightly packed
lipid domains float in a sea of less tightly packed lipids
and proposes that lipid rafts in the two leaflets are coupled
by the interdigitation of long saturated acyl chains on
glycosphingolipids in the outer leaflet extending into the inner
leaflet (Simons and Ikonen, 1997). The proposed type of
interdigitation was different from the initial use of the word
for long acyl chains spanning the entire hydrophobic core of
the bilayer made up of lipids with considerably shorter acyl
groups (Boggs and Koshy, 1994; Schram and Thompson, 1995).
Instead the now accepted meaning of interdigitation, long acyl
chains crossing the midplane of the bilayer and penetrating
a small distance into the opposing leaflet (Figuresl, 3),
was highlighted. This type of interdigitation is for instance
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FIGURE 3 | Pinning as a mechanism to nucleate membrane
nanodomains. Immobilising plasma membrane components can induce
lo-domain formation. This has been demonstrated both for inner leaflet
phoshoinositides linked to actin filaments (A) and outer leaflet components like
GPl-anchored proteins (B) (Dinic et al., 2013). The creation of new lo-domains
is likely to play an important role in the molecular sorting required for cellular
processes such as signaling and membrane trafficking.

observed for long acyl chain (C24) glycosphingolipids when
they are minor components in a biologically relevant (C16-
C18) matrix (Mehlhorn et al.,, 1988; Morrow et al.,, 1995).
Although the ideas brought together in the lipid raft hypothesis
were not new, it had an enormous impact in promoting
membrane research. Much of the polarized discussion in the
field has been caused by the use of questionable methodology
(Klotzsch and Schiitz, 2013; Ashrafzadeh and Parmryd, 2015),
but the existence of plasma membrane nanodomains with
different lipid packing was suggested from studies that predate
the lipid raft hypothesis by decades (Morrisett et al.,, 1975;
Karnovsky et al, 1982). Although frequently misinterpreted,
the 1972 fluid mosaic model does not rule out, but rather
insists, that short-range order in the plasma membrane exists
(Singer and Nicolson, 1972), an important feature that was
recently clarified by one of the model founders (Nicolson,
2014).

Sphingolipids (SLs) can have a big difference in chain length
between the sphingosine chain, that tends to be CI8, and
the amide-linked acyl chains, that differ from C16 to C24 in
naturally occurring SLs, creating many asymmetric SL species.
Unsurprisingly, MD simulations of symmetric bilayers have
shown that the greater the length mismatch between the matrix
lipid acyl chains and the greater the length mismatch between
the acyl and the sphingosine chains, the more interdigitation
is observed (Niemeli et al., 2006). Bending of long acyl chains
toward their own leaflet is also a possibility and has recently been
observed in both MD simulations of SLs and model membranes
studies of free fatty acids in glycerophospholipid bilayers (Paz
Ramos et al., 2016; Rdg et al., 2016). However, bending toward
the water interface can be greatly reduced by cholesterol revealed
by a model membrane study on methyl distributions (Mihailescu

et al, 2011). Interestingly, simulations show that coupling is
stronger if there is more cholesterol in the outer than in the inner
leaflet (Rog et al., 2016).

A recent simulation study on symmetrical membranes made
up of asymmetric PCs with differences in their acyl chain lengths
suggested that lipid complementarity in chain length could act
to assure uniform acyl chain packing (Capponi et al., 2016).
This is along the lines of previous lipid complementarity studies
indicating that, when present at matching concentrations, short
acyl chains are found opposite long ones to create a smooth
membrane (Zhang et al., 2004, 2005; Stevens, 2005). That such an
organization should occur in biological membranes, with diverse
and asymmetric lipid compositions, is less clear, especially since
domains of different order and thus presumably thickness are
found in the plasma membrane (Gaus et al., 2003; Dinic et al.,
2013).

That asymmetric lipids from both leaflets can affect coupling
in asymmetric membranes was first demonstrated in GUVs
where SM C24:0 was shown to reduce the diffusion of POPC
far more than that of DOPC (Chiantia and London, 2012).
A recent MD simulation study, with asymmetric membranes
with compositions closely mimicking cell plasma membranes,
supported this finding with another lipid class and found
a stronger coupling firstly in asymmetric vs. symmetric
membranes and secondly the strongest coupling when the inner
leaflet contained PS 18:0/18:1 and the outer leaflet contained SM
24:0 (Rog et al, 2016). That PS 18:0/18:1 plays an important
biological role was implied in a recent study revealing that PS is
required for retaining cholesterol in the inner leaflet in cells and
that PS 18:0/18:1 uniquely has the capacity to protect cholesterol
in model symmetrical membranes from oxidation (Maekawa and
Fairn, 2015). Intriguingly, GPI-anchor protein clustering was also
shown to be dependent on inner leaflet PS but with long acyl
chains, rather than a specific acyl chain combination, being the
requirement (Raghupathy et al., 2015). This was interpreted as
enabling interaction with the long acyl chains required for the
GPI-anchored proteins to cluster allowing cross-talk of specific
lipids across the bilayer midplane. In light of the study discussed
above (Maekawa and Fairn, 2015), we speculate that the PS may
have been required to maintain the cholesterol level in the inner
leaflet at a level sufficient for the formation of lo-domains since
clustered GPI-anchored proteins are found in such (Dinic et al.,
2013) and cholesterol previously has been identified as important
for their clustering (Sharma et al., 2004).

IMPERFECTION IN LIPID ASYMMETRY
AND DOMAIN REGISTRATION

As discussed above, lipids have asymmetric distributions in the
plasma membrane, but the asymmetry is not complete and
non-negligible amounts of most lipids are likely to exist in the
less-favored leaflet. Such imperfection in asymmetry, especially
that of SM, could be of considerable importance for domain
registration. In model membranes interleaflet coupling can occur
with no (or a minimal amount of) SM in the inner leaflet
(Wan et al,, 2008; Visco et al., 2014; Lin and London, 2015).
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However, if a small but significant amount of SM exists the
inner leaflet, as suggested by biochemical and histochemical
studies (Devaux, 1991; Zachowski, 1993; Murate et al., 2015),
that SM could potentially contribute to lo-domain formation,
which could make coupling with the outer leaflet lo-domains
very efficient (Halling et al, 2008; Lonnfors et al, 2011).
Naturally this SM-SM interaction mechanism does not exclude
participation of other phospholipids in lo-domain formation
and interleaflet coupling. Rather, the SM-based coupling may
function as an initial seed to induce further changes by lateral
interaction with other phospholipids, such as PS or inositol
phospholipids.

PINNING

It has been shown repeatedly that the behavior of outer leaflet
lipids and GPI-anchored proteins is influenced by actin dynamics
(Fujiwara et al., 2002; Kwik et al., 2003; Goswami et al., 2008;
Fujita et al., 2009; Mueller et al.,, 2011), but how actin in the
cytoplasm can exert effects on the outer leaflet of the plasma
membrane has been a longstanding enigma. Cell topography and
the problematic interpretation of three dimensional data in 2D
could explain at least some of this behavior (Adler et al., 2010),
but pinning is also important for the communication between
actin filaments and the outer leaflet.

Pinning, i.e., when the mobility of membrane components
is either reduced or absent, alters the mixing entropy, which
can alter the phase behavior and/or membrane organization
(Putzel and Schick, 2009; Arumugam and Bassereau, 2015).
Protein pinning can transmit the rearrangement of proteins from
one leaflet to the other. This was first studied in erythrocyte
ghosts where it was shown that the enclosure of antibodies
to spectrin, a protein associated with the inner leaflet, caused
the rearrangement of glycolipids and glycoproteins in the outer
leaflet (Nicolson and Painter, 1973). Analogously, binding of
lectins to the outer leaflet caused the rearrangement of spectrin (Ji
and Nicolson, 1974). Lectins are also known to affect the physical
properties of the plasma membrane (Evans and Leung, 1984).
For lipids, pinning can nucleate either an ld-phase as shown
in phosphatidylinositol 4,5-bisphosphate [PI(4,5)P2]-containing
giant unilamellar vesicles (GUVs) where actin polymerisation
induced phase-separation (Liu and Fletcher, 2006), an lo-phase
as shown in GUVs by GM1 cross-linking (Hammond et al., 2005)
or upon adhesion (Gordon et al., 2008).

Simulations on critical point fluctuations have indicated that
pinning of lipids to actin filaments could prevent large-scale
phase separation (Ehrig et al., 2011; Machta et al., 2011) and
earlier simulations suggested that membrane protein obstacles
or pinning could have the same effect (Yethiraj and Weisshaar,
2007; Fan et al., 2010; Gomez et al., 2010), phenomena that were
recently observed in model membranes (Honigmann et al., 2014;
Arumugam et al., 2015). Critical point fluctuations may however
be superfluous for phase separation since it can be achieved
by coupling of mechanical forces like actin polymerisation
to membrane composition (Sens and Turner, 2011). That
pinning does prevent large-scale phase separation in the plasma

membrane is supported by the observation that visible large-scale
phase separation can be seen in giant plasma membrane vesicles
(GPMVs) that do not contain cortical actin (Sengupta et al., 2008;
Levental et al., 2011). Furthermore, membrane blebs in live cells,
where the membrane connection to actin filaments has been lost
(Charras et al., 2005), are structures in the jum range with a lower
laurdan generalized polarization-value than that found in the
bulk plasma membrane of the same cells, indicative of disordered
lipid arrangement (Dinic et al., 2013). Since lo-domains form
where actin filaments are pinned to the plasma membrane,
blebs may contain ld-phase only and represent an example
of microscopically visible domains in live cells alongside the
remaining intermittently actin filament pinned, and from a lipid
packing perspective, more heterogeneous plasma membrane of
live cells.

In asymmetric model membrane studies the general
assumption is that an outer-side-like lipid mix could induce
domain formation in a cytoplasmic-side-like lipid mix that
cannot phase separate on its own (Kiessling et al., 2006; Collins
and Keller, 2008; Lin and London, 2015) but the opposite is less
frequently considered. However, in cells phosphoinositides in
the inner plasma membrane leaflet can be pinned to intracellular
actin filaments and cause the formation of lo-domains in the
outer plasma membrane leaflet (Figure 3A), demonstrating that
there is an inside out communication for the lipid packing of the
two leaflets (Dinic et al., 2013). Lo-domains can also form when
outer leaflet components like GM1 and GPI-anchored proteins
are patched (Figure 3B), demonstrating that the physical state of
the plasma membrane is also influenced by the cell’s extracellular
environment (Dinic et al., 2013). That immobilization by pinning
can cause the formation of lo-domains in live cells was thus
demonstrated in 2013 (Dinic et al., 2013). Despite this a later
prominent study using simulations and GPMVs concluded by
speculating that pinning induced lo-domain formation might
be possible in live cells, claiming it as a novel and original idea,
reversing the usual process of observation following speculation
(Raghupathy et al., 2015).

A link between GM1, pinning and interdigitation has recently
been found in both simulations and model membrane studies
(Spillane et al., 2014; Sun et al., 2015). It seems likely that the
lo-domain formation observed in the plasma membrane after
cross-linking outer leaflet components, described above, causes
the pinned molecules to stretch and hence make contact with the
inner leaflet lipids, both nucleating and stabilizing the domains.
Pinning may also result in membrane curvature that affects both
leaflets (Deverall et al., 2008). Although we are well-aware of both
the importance and prevalence of membrane curvature in cells
(Adler et al., 2010; Parmryd and Onfelt, 2013), we have chosen
to limit the discussion in this review to other mechanisms of
importance for membrane nanodomain formation.

PI(4,5)P2 is known to interact with many actin-binding
proteins, regulating their activity and localization (Saarikangas
et al, 2010) and may be the phosphoinositide that links
changes in actin dynamics to the proportion of plasma
membrane lo-domains (Dinic et al, 2013). Interestingly,
although PI(4,5)P2 often contains a polyunsaturated acyl chain
(McLaughlin et al., 2002), which might not be expected to
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be found in lo-domains, PI(4,5)P2 is nevertheless enriched in
plasma membrane lo-domains (Parmryd et al., 2003). A likely
explanation for this apparent paradox is that the expectations
arise from the behavior of lipids in well-separated 1d- and lo-
domains in model membranes that have an order difference
impossible to achieve in the plasma membrane.

PS is also a candidate to mediate the actin-outer leaflet
lipid coupling, as it is known to bind numerous cytoplasmic
proteins (for a review, see Stace and Ktistakis, 2006), including
actin-binding proteins (Cohen et al., 1986; Muguruma et al.,
1995; Makuch et al, 1997). Actually, the mobility of PS in
the plasma membrane has been shown to increase upon actin
depolymerization (Kay et al., 2012; Zhou et al., 2014), indicating
that PS may be constitutively bound to the actin meshwork
or its movements confined by topographical features of the
membrane (Adler et al,, 2010). Binding between PS and actin-
linking proteins is thought to occur electrostatically to the PS
head group and thus should be independent of the acyl chain
composition (Wood and Harlow, 1969; Hicks et al., 2006), but
it is likely to be enhanced if PS is clustered.

Interestingly, the acyl chain composition of the different
phospholipid species, especially PS, varies between tissues (Hicks
et al., 2006). Both the efficiency of domain registration and
interleaflet coupling may differ with acyl chain composition:
with a stronger coupling, the inner leaflet should become more
ordered and hence similar to the outer leaflet. How the acyl
chain composition is regulated is not clear, but Land’s cycle,
remodeling inner leaflet phospholipids (Hishikawa et al., 2014),
may be involved. The regulatory mechanism and the possible
correlation between the acyl chain composition and interleaflet
coupling warrant further studies.

REFERENCES

Ackerman, D. G., and Feigenson, G. W. (2015). Lipid bilayers: clusters, domains
and phases. Essays Biochem. 57, 33-42. doi: 10.1042/bse0570033

Adler, J., Shevchuk, A. I, Novak, P., Korchev, Y. E., and Parmryd, 1. (2010).
Plasma membrane topography and interpretation of single-particle tracks. Nat.
Methods 7,170-171. doi: 10.1038/nmeth0310-170

Ahmed, S. N, Brown, D. A, and London, E. (1997). On the origin
of  sphingolipid/cholesterol-rich  detergent-insoluble cell
physiological concentrations of cholesterol and sphingolipid induce formation
of a detergent-insoluble, liquid-ordered lipid phase in model membranes.
Biochemistry 36, 10944-10953. doi: 10.1021/bi971167g

Arthur, J. R., Heinecke, K. A., and Seyfried, T. N. (2011). Filipin recognizes both
GMI1 and cholesterol in GM1 gangliosidosis mouse brain. J. Lipid Res. 52,
1345-1351. doi: 10.1194/jlr.M012633

Arumugam, S., and Bassereau, P. (2015). Membrane nanodomains: contribution
of curvature and interaction with proteins and cytoskeleton. Essays Biochem.
57,109-119. doi: 10.1042/bse0570109

Arumugam, S., Petrov, E. P., and Schwille, P. (2015). Cytoskeletal pinning
controls phase separation in multicomponent lipid membranes. Biophys. J. 108,
1104-1113. doi: 10.1016/j.bp;j.2014.12.050

Ashrafzadeh, P., and Parmryd, I. (2015). Methods applicable to membrane
nanodomain studies? Essays Biochem. 57, 57-68. doi: 10.1042/bse0570057

Barsukov, L. I, Kulikov, V. I, and Bergelson, L. D. (1976). Lipid transfer proteins
as a tool in the study of membrane structure. Inside-outside distribution of
the phospholipids in the protoplasmic membrane of Micrococcus lysodeikticus.
Biochem. Biophys. Res. Commun. 71, 704-711.

membranes:

OUTLOOK

Compared with amino acids and nitrogenous bases the lipid
diversity is enormous and intriguing. Similarly, compared to
proteins and nucleic acids, our knowledge of membranes is
limited. Tools are now being developed to for instance unravel
the roles of individual lipid species in cellular processes,
to study the effect of leaflet asymmetry and to perform
detailed examination of the lipid distribution within leaflets—
all outstanding questions which require close collaborations of
scientists from physical, chemical, and biological disciplines. We
predict that within the next decade exciting interdisciplinary
breakthroughs in the membrane biology field will unravel
mechanisms of fundamental biological processes and that we will
approach a consensus regarding the nature of plasma membrane
nanodomains.

AUTHOR CONTRIBUTIONS

IP conceived the idea. IP and TF wrote the review.

ACKNOWLEDGMENTS

We thank Jeremy Adler assistance in preparing figures
and critical reading of the manuscript. This work was
supported by grants to TF from Grants-in-Aid for Scientific
Research from the Ministry of Education, Culture, Sports,
Science, and Technology of the Government of Japan to
TF (15H02500, 15H05902) and to IP from the Swedish
Research Council (2015-04764) and O. E. and Edla Johansson’s
Foundation.

Behnke, O., Tranum-Jensen, J., and van Deurs, B. (1984). Filipin as a cholesterol
probe. II. Filipin-cholesterol interaction in red blood cell membranes. Eur. J.
Cell Biol. 35, 200-215.

Blosser, M. C., Honerkamp-Smith, A. R., Han, T., Haataja, M., and Keller,
S. L. (2015). Transbilayer colocalization of lipid domains explained via
measurement of strong coupling parameters. Biophys. J. 109, 2317-2327.
doi: 10.1016/j.bpj.2015.10.031

Boggs, J. M., and Koshy, K. M. (1994). Do the long fatty acid chains of
sphingolipids interdigitate across the center of a bilayer of shorter chain
symmetric phospholipids? Biochim. Biophys. Acta 1189, 233-241.

Boni, L. T. and Hui, S. W. (1983). Polymorphic phase behaviour of
dilinoleoylphosphatidylethanolamine and palmitoyloleoylphosphatidylcholine
mixtures. Structural changes between hexagonal, cubic and bilayer phases.
Biochim. Biophys. Acta 731, 177-185. doi: 10.1016/0005-2736(83)90
007-X

Bretscher, M. S. (1972). Asymmetrical lipid bilayer structure for biological
membranes. Nat. New Biol. 236, 11-12.

Biitikofer, P., Lin, Z. W., Chiu, D. T., Lubin, B., and Kuypers, F. A. (1990).
Transbilayer distribution and mobility of phosphatidylinositol in human red
blood cells. J. Biol. Chem. 265, 16035-16038.

Buton, X., Hervé, P., Kubelt, J., Tannert, A., Burger, K. N, Fellmann,
P., et al. (2002). Transbilayer movement of monohexosylsphingolipids in
endoplasmic reticulum and Golgi membranes. Biochemistry 41, 13106-13115.
doi: 10.1021/bi020385t

Capponi, S., Freites, J. A., Tobias, D. J., and White, S. H. (2016). Interleaflet mixing
and coupling in liquid-disordered phospholipid bilayers. Biochim. Biophys.
Acta 1858, 354-362. doi: 10.1016/j.bbamem.2015.11.024

Frontiers in Cell and Developmental Biology | www.frontiersin.org

January 2017 | Volume 4 | Article 155


https://doi.org/10.1042/bse0570033
https://doi.org/10.1038/nmeth0310-170
https://doi.org/10.1021/bi971167g
https://doi.org/10.1194/jlr.M012633
https://doi.org/10.1042/bse0570109
https://doi.org/10.1016/j.bpj.2014.12.050
https://doi.org/10.1042/bse0570057
https://doi.org/10.1016/j.bpj.2015.10.031
https://doi.org/10.1016/0005-2736(83)90007-X
https://doi.org/10.1021/bi020385t
https://doi.org/10.1016/j.bbamem.2015.11.024
http://www.frontiersin.org/Cell_and_Developmental_Biology
http://www.frontiersin.org
http://www.frontiersin.org/Cell_and_Developmental_Biology/archive

Fujimoto and Parmryd

Interleaflet Coupling, Pinning, and Leaflet Asymmetry

Charras, G. T., Yarrow, J. C., Horton, M. A., Mahadevan, L., and Mitchison, T. J.
(2005). Non-equilibration of hydrostatic pressure in blebbing cells. Nature 435,
365-369. doi: 10.1038/nature03550

Cheng, H. T., and London, E. (2011). Preparation and properties of asymmetric
large unilamellar vesicles: interleaflet coupling in asymmetric vesicles is
dependent on temperature but not curvature. Biophys. J. 100, 2671-2678.
doi: 10.1016/j.bp;j.2011.04.048

Chiantia, S., and London, E. (2012). Acyl chain length and saturation modulate
interleaflet coupling in asymmetric bilayers: effects on dynamics and structural
order. Biophys. J. 103, 2311-2319. doi: 10.1016/j.bpj.2012.10.033

Chiantia, S., Schwille, P., Klymchenko, A. S., and London, E. (2011). Asymmetric
GUVs prepared by MbetaCD-mediated lipid exchange: an FCS study. Biophys.
J. 100, L1-L3. doi: 10.1016/j.bp;j.2010.11.051

Cohen, A. M,, Liu, S. C., Derick, L. H., and Palek, J. (1986). Ultrastructural studies
of the interaction of spectrin with phosphatidylserine liposomes. Blood 68,
920-926.

Collins, M. D. (2008). Interleaflet coupling mechanisms in bilayers of lipids and
cholesterol. Biophys. J. 94, L32-L34. doi: 10.1529/biophysj.107.124362

Collins, M. D., and Keller, S. L. (2008). Tuning lipid mixtures to induce or suppress
domain formation across leaflets of unsupported asymmetric bilayers. Proc.
Natl. Acad. Sci. U.S.A. 105, 124-128. doi: 10.1073/pnas.0702970105

Crain, R. C., and Zilversmit, D. B. (1980). Two nonspecific phospholipid
exchange proteins from beef liver. 2. Use in studying the asymmetry and
transbilayer movement of phosphatidylcholine, phosphatidylethanolamine,
and sphingomyelin in intact rat erythrocytes. Biochemistry 19, 1440-1447.
doi: 10.1021/bi00548a027

de  Almeida, R. F., Fedorov, A, and Prieto, M. (2003).
Sphingomyelin/Phosphatidylcholine/Cholesterol phase diagram:
boundaries and composition of lipid rafts. Biophys. J. 85, 2406-2416.
doi: 10.1016/s0006-3495(03)74664-5

Devaux, P. F. (1991). Static and dynamic lipid asymmetry in cell membranes.
Biochemistry 30, 1163-1173. doi: 10.1021/bi00219a001

Deverall, M. A., Garg, S., Liidtke, K., Jordan, R., Riihe, J., and Naumann, C. A.
(2008). Transbilayer coupling of obstructed lipid diffusion in polymer-tehtered
phospholipid bilayers. Soft Matter 4, 1899-1908. doi: 10.1039/b800801a

Dinic, J., Ashrafzadeh, P., and Parmryd, I. (2013). Actin filaments attachment at the
plasma membrane in live cells cause the formation of ordered lipid domains.
Biochim. Biophys. Acta 1828, 1102-1111. doi: 10.1016/j.bbamem.2012.12.004

Ehrig, J., Petrov, E. P., and Schwille, P. (2011). Near-critical fluctuations and
cytoskeleton-assisted phase separation lead to subdiffusion in cell membranes.
Biophys. ]. 100, 80-89. doi: 10.1016/j.bp;j.2010.11.002

Emoto, K., Kobayashi, T., Yamaji, A., Aizawa, H., Yahara, L, Inoue, K, et al.
(1996). Redistribution of phosphatidylethanolamine at the cleavage furrow of
dividing cells during cytokinesis. Proc. Natl. Acad. Sci. U.S.A. 93, 12867-12872.
doi: 10.1073/pnas.93.23.12867

Etemadi, A. H. (1980). Membrane asymmetry. A survey and critical appraisal of
the methodology. II. Methods for assessing the unequal distribution of lipids.
Biochim. Biophys. Acta 604, 423-475.

Evans, E., and Leung, A. (1984). Adhesivity and rigidity of erythrocyte membrane
in relation to wheat germ agglutinin binding. J. Cell Biol. 98, 1201-1208.
doi: 10.1083/jcb.98.4.1201

Falkovich, S. G., Martinez-Seara, H., Nesterenko, A. M., Vattulainen, I,
and Gurtovenko, A. A. (2016). What can we learn about cholesterol’s
transmembrane changes
in membrane dipole potential? J. Phys. 7, 4585-4590.
doi: 10.1021/acs.jpclett.6b02123

Fan, J., Sammalkorpi, M., and Haataja, M. (2010). Influence of nonequilibrium
lipid transport, membrane compartmentalization, and membrane proteins
on the lateral organization of the plasma membrane. Phys. Rev. 81:011908.
doi: 10.1103/physreve.81.011908

Fisher, K. A. (1976). Analysis of membrane halves: cholesterol. Proc. Natl. Acad.
Sci. U.S.A. 73, 173-177. doi: 10.1073/pnas.73.1.173

Fowler, P. W., Williamson, J. J., Sansom, M. S, and Olmsted, P. D.
(2016). Roles of interleaflet coupling and hydrophobic mismatch in lipid
membrane phase-separation kinetics. J. Am. Chem. Soc. 138, 11633-11642.
doi: 10.1021/jacs.6b04880

Fridriksson, E. K., Shipkova, P. A., Sheets, E. D., Holowka, D., Baird, B,
and McLafferty, F. W. (1999). Quantitative analysis of phospholipids in

cholesterol-induced
Chem. Lett.

distribution based on

functionally important membrane domains from RBL-2H3 mast cells using
tandem high-resolution mass spectrometry. Biochemistry 38, 8056-8063.
doi: 10.1021/b19828324

Frisz, J. F., Klitzing, H. A., Lou, K., Hutcheon, I. D., Weber, P. K., Zimmerberg,
J., et al. (2013). Sphingolipid domains in the plasma membranes of
fibroblasts are not enriched with cholesterol. J. Biol. Chem. 288, 16855-16861.
doi: 10.1074/jbc.M113.473207

Fujimoto, K., Umeda, M., and Fujimoto, T. (1996). Transmembrane phospholipid
distribution revealed by freeze-fracture replica labeling. J. Cell Sci. 109,
2453-2460.

Fujita, A., Cheng, J., and Fujimoto, T. (2009). Segregation of GM1 and GM3
clusters in the cell membrane depends on the intact actin cytoskeleton. Biochim.
Biophys. Acta 1791, 388-396. doi: 10.1016/j.bbalip.2009.01.008

Fujita, A., Cheng, J., Hirakawa, M., Furukawa, K., Kusunoki, S., and Fujimoto, T.
(2007). Gangliosides GM1 and GM3 in the living cell membrane form clusters
susceptible to cholesterol depletion and chilling. Mol. Biol. Cell 18, 2112-2122.
doi: 10.1091/mbc.e07-01-0071

Fujiwara, T., Ritchie, K., Murakoshi, H., Jacobson, K., and Kusumi, A. (2002).
Phospholipids undergo hop diffusion in compartmentalized cell membrane. J.
Cell Biol. 157, 1071-1081. doi: 10.1083/jcb.200202050

Galimzyanov, T. R., Molotkovsky, R. J., Bozdaganyan, M. E., Cohen, F. S,
Pohl, P, and Akimov, S. A. (2015). Elastic membrane deformations govern
interleaflet coupling of lipid-ordered domains. Phys. Rev. Lett. 115:088101.
doi: 10.1103/PhysRevLett.115.088101

Garg, S., Riihe, J., Ludtke, K, Jordan, R, and Naumann, C. A. (2007). Domain
registration in raft-mimicking lipid mixtures studied using polymer-tethered
lipid bilayers. Biophys. ]. 92, 1263-1270. doi: 10.1529/biophysj.106.091082

Gascard, P., Tran, D., Sauvage, M., Sulpice, J. C., Fukami, K., Takenawa, T., et al.
(1991). Asymmetric distribution of phosphoinositides and phosphatidic acid
in the human erythrocyte membrane. Biochim. Biophys. Acta 1069, 27-36.
doi: 10.1016/0005-2736(91)90100-m

Gaus, K., Gratton, E., Kable, E. P., Jones, A. S., Gelissen, I., Kritharides, L.,
et al. (2003). Visualizing lipid structure and raft domains in living cells
with two-photon microscopy. Proc. Natl. Acad. Sci. U.S.A. 100, 15554-15559.
doi: 10.1073/pnas.2534386100

Giang, H., and Schick, M. (2014). How cholesterol could be drawn to the
cytoplasmic leaf of the plasma membrane by phosphatidylethanolamine.
Biophys. J. 107, 2337-2344. doi: 10.1016/j.bp;j.2014.10.012

Golfetto, O., Hinde, E., and Gratton, E. (2015). The laurdan spectral phasor
method to explore membrane micro-heterogeneity and lipid domains in live
cells. Methods Mol. Biol. 1232, 273-290. doi: 10.1007/978-1-4939-1752-5_19

Gomez, J., Sagués, F., and Reigada, R. (2010). Effect of integral proteins in the phase
stability of a lipid bilayer: application to raft formation in cell membranes. J.
Chem. Phys. 132, 135104. doi: 10.1063/1.3381179

Gordesky, S. E., and Marinetti, G. V. (1973). The asymetric arrangement of
phospholipids in the human erythrocyte membrane. Biochem. Biophys. Res.
Commun. 50, 1027-1031. doi: 10.1016/0006-291X(73)91509-X

Gordon, V. D., Deserno, M., Andrew, C. M. J., Egelhaaf, S. U., and Poon, W. C.
K. (2008). Adhesion promotes phase separation in mixed-lipid membranes.
Europhys. Lett. 84:48003. doi: 10.1209/0295-5075/84/48003

Goswami, D., Gowrishankar, K., Bilgrami, S., Ghosh, S., Raghupathy, R., Chadda,
R, et al. (2008). Nanoclusters of GPI-anchored proteins are formed by cortical
actin-driven activity. Cell 135, 1085-1097. doi: 10.1016/j.cell.2008.11.032

Hagiwara, A., Fukazawa, Y., Deguchi-Tawarada, M., Ohtsuka, T., and Shigemoto,
R. (2005). Differential distribution of release-related proteins in the
hippocampal CA3 area as revealed by freeze-fracture replica labeling. J. Comp.
Neurol. 489, 195-216. doi: 10.1002/cne.20633

Halling, K. K., Ramstedt, B., Nystrém, J. H., Slotte, J. P., and Nyholm, T.
K. (2008). Cholesterol interactions with fluid-phase phospholipids: effect
on the lateral organization of the bilayer. Biophys. J. 95, 3861-3871.
doi: 10.1529/biophysj.108.133744

Hammond, A. T., Heberle, F. A., Baumgart, T., Holowka, D., Baird, B., and
Feigenson, G. W. (2005). Crosslinking a lipid raft component triggers liquid
ordered-liquid disordered phase separation in model plasma membranes.
Proc. Natl. Acad. Sci. US.A. 102, 6320-6325. doi: 10.1073/pnas.04056
54102

Heberle, F. A., Marquardt, D., Doktorova, M., Geier, B., Standaert, R. F,,
Heftberger, P., et al. (2016). Subnanometer structure of an asymmetric model

Frontiers in Cell and Developmental Biology | www.frontiersin.org

January 2017 | Volume 4 | Article 155


https://doi.org/10.1038/nature03550
https://doi.org/10.1016/j.bpj.2011.04.048
https://doi.org/10.1016/j.bpj.2012.10.033
https://doi.org/10.1016/j.bpj.2010.11.051
https://doi.org/10.1529/biophysj.107.124362
https://doi.org/10.1073/pnas.0702970105
https://doi.org/10.1021/bi00548a027
https://doi.org/10.1016/s0006-3495(03)74664-5
https://doi.org/10.1021/bi00219a001
https://doi.org/10.1039/b800801a
https://doi.org/10.1016/j.bbamem.2012.12.004
https://doi.org/10.1016/j.bpj.2010.11.002
https://doi.org/10.1073/pnas.93.23.12867
https://doi.org/10.1083/jcb.98.4.1201
https://doi.org/10.1021/acs.jpclett.6b02123
https://doi.org/10.1103/physreve.81.011908
https://doi.org/10.1073/pnas.73.1.173
https://doi.org/10.1021/jacs.6b04880
https://doi.org/10.1021/bi9828324
https://doi.org/10.1074/jbc.M113.473207
https://doi.org/10.1016/j.bbalip.2009.01.008
https://doi.org/10.1091/mbc.e07-01-0071
https://doi.org/10.1083/jcb.200202050
https://doi.org/10.1103/PhysRevLett.115.088101
https://doi.org/10.1529/biophysj.106.091082
https://doi.org/10.1016/0005-2736(91)90100-m
https://doi.org/10.1073/pnas.2534386100
https://doi.org/10.1016/j.bpj.2014.10.012
https://doi.org/10.1007/978-1-4939-1752-5_19
https://doi.org/10.1063/1.3381179
https://doi.org/10.1016/0006-291X(73)91509-X
https://doi.org/10.1209/0295-5075/84/48003
https://doi.org/10.1016/j.cell.2008.11.032
https://doi.org/10.1002/cne.20633
https://doi.org/10.1529/biophysj.108.133744
https://doi.org/10.1073/pnas.0405654102
http://www.frontiersin.org/Cell_and_Developmental_Biology
http://www.frontiersin.org
http://www.frontiersin.org/Cell_and_Developmental_Biology/archive

Fujimoto and Parmryd

Interleaflet Coupling, Pinning, and Leaflet Asymmetry

membrane: interleaflet coupling influences domain properties. Langmuir 32,
5195-5200. doi: 10.1021/acs.langmuir.5b04562

Hicks, A. M., DeLong, C. J., Thomas, M. J., Samuel, M., and Cui, Z. (2006).
Unique molecular signatures of glycerophospholipid species in different rat
tissues analyzed by tandem mass spectrometry. Biochim. Biophys. Acta 1761,
1022-1029. doi: 10.1016/j.bbalip.2006.05.010

Hishikawa, D., Hashidate, T., Shimizu, T., and Shindou, H. (2014). Diversity
and function of membrane glycerophospholipids generated by the remodeling
pathway in mammalian cells. J. Lipid Res. 55, 799-807. doi: 10.1194/jlr.RO
46094

Honigmann, A., Sadeghi, S., Keller, ., Hell, S. W., Eggeling, C., and Vink, R. (2014).
A lipid bound actin meshwork organizes liquid phase separation in model
membranes. eLife 3:¢01671. doi: 10.7554/eLife.01671

Iyoshi, S., Cheng, J., Tatematsu, T. Takatori, S., Taki, M., Yamamoto, Y.,
et al. (2014). Asymmetrical distribution of choline phospholipids revealed by
click chemistry and freeze-fracture electron microscopy. ACS Chem. Biol. 9,
2217-2222. doi: 10.1021/cb500558n

Ji, T. H., and Nicolson, G. L. (1974). Lectin binding and perturbation of the
outer surface of the cell membrane induces a transmembrane organizational
alteration at the inner surface. Proc. Natl. Acad. Sci. US.A. 71, 2212-2216.
doi: 10.1073/pnas.71.6.2212

Kale, S. D., Gu, B., Capelluto, D. G., Dou, D., Feldman, E., Rumore, A., etal. (2010).
External lipid PI3P mediates entry of eukaryotic pathogen effectors into plant
and animal host cells. Cell 142, 284-295. doi: 10.1016/j.cell.2010.06.008

Karnovsky, M. J., Kleinfeld, A. M., Hoover, R. L., and Klausner, R. D.
(1982). The concept of lipid domains in membranes. J. Cell Biol. 94, 1-6.
doi: 10.1083/jcb.94.1.1

Kay, J. G., Koivusalo, M., Ma, X., Wohland, T., and Grinstein, S. (2012).
Phosphatidylserine dynamics in cellular membranes. Mol. Biol. Cell 23,
2198-2212. doi: 10.1091/mbc.e11-11-0936

Kiessling, V., Crane, J. M., and Tamm, L. K. (2006). Transbilayer effects of raft-
like lipid domains in asymmetric planar bilayers measured by single molecule
tracking. Biophys. J. 91, 3313-3326. doi: 10.1529/biophys;j.106.091421

Klotzsch, E., and Schiitz, G. J. (2013). A critical survey of methods to detect
plasma membrane rafts. Philos. Trans. R. Soc. Lond. B. Biol. Sci. 368:20120033.
doi: 10.1098/rstb.2012.0033

Klymchenko, A. S., and Kreder, R. (2014). Fluorescent probes for lipid
rafts: from model membranes to living cells. Chem. Biol. 21, 97-113.
doi: 10.1016/j.chembiol.2013.11.009

Koopman, G., Reutelingsperger, C. P., Kuijten, G. A., Keehnen, R. M., Pals, S.
T., and van Oers, M. H. (1994). Annexin V for flow cytometric detection
of phosphatidylserine expression on B cells undergoing apoptosis. Blood 84,
1415-1420.

Kuge, H., Akahori, K., Yagyu, K, and Honke, K. (2014). Functional
compartmentalization of the plasma membrane of neurons by a unique
acyl chain composition of phospholipids. J. Biol. Chem. 289, 26783-26793.
doi: 10.1074/jbc.M114.571075

Kwik, J., Boyle, S., Fooksman, D., Margolis, L., Sheetz, M. P., and Edidin, M.
(2003). Membrane cholesterol, lateral mobility, and the phosphatidylinositol
4,5-bisphosphate-dependent organization of cell actin. Proc. Natl. Acad. Sci.
U.S.A. 100, 13964-13969. doi: 10.1073/pnas.2336102100

Levental, I, Grzybek, M., and Simons, K. (2011). Raft domains of variable
properties and compositions in plasma membrane vesicles. Proc. Natl. Acad.
Sci. U.S.A. 108, 11411-11416. doi: 10.1073/pnas.1105996108

Lichtenberg, D., Goni, F. M., and Heerklotz, H. (2005). Detergent-resistant
membranes should not be identified with membrane rafts. Trends Biochem. Sci.
30, 430-436. doi: 10.1016/j.tibs.2005.06.004

Lin, Q., and London, E. (2015). Ordered raft domains induced by outer
leaflet sphingomyelin in cholesterol-rich asymmetric vesicles. Biophys. J. 108,
2212-2222. doi: 10.1016/j.bpj.2015.03.056

Lindfors, K., Kalkbrenner, T., Stoller, P., and Sandoghdar, V. (2004). Detection and
spectroscopy of gold nanoparticles using supercontinuum white light confocal
microscopy. Phys. Rev. Lett. 93:037401. doi: 10.1103/PhysRevLett.93.037401

Lingwood, C. A. (2011). Glycosphingolipid functions. Cold Spring Harb. Perspect.
Biol. 3:a004788. doi: 10.1101/cshperspect.a004788

Lingwood, D., and Simons, K. (2010). Lipid rafts as a membrane-organizing
principle. Science 327, 46-50. doi: 10.1126/science.1174621

Liu, A. P, and Fletcher, D. A. (2006). Actin polymerization serves as a
membrane domain switch in model lipid bilayers. Biophys. J. 91, 4064-4070.
doi: 10.1529/biophys.106.090852

Lonnfors, M., Doux, J. P,, Killian, J. A., Nyholm, T. K., and Slotte, J. P. (2011).
Sterols have higher affinity for sphingomyelin than for phosphatidylcholine
bilayers even at equal acyl-chain order. Biophys. ]. 100, 2633-2641.
doi: 10.1016/j.bpj.2011.03.066

Machta, B. B., Papanikolaou, S., Sethna, J. P., and Veatch, S. L. (2011). Minimal
model of plasma membrane heterogeneity requires coupling cortical actin to
criticality. Biophys. J. 100, 1668-1677. doi: 10.1016/j.bpj.2011.02.029

Maekawa, M., and Fairn, G. D. (2015). Complementary probes reveal that
phosphatidylserine is required for the proper transbilayer distribution of
cholesterol. J. Cell Sci. 128, 1422-1433. doi: 10.1242/jcs.164715

Magee, A. I, Adler, J., and Parmryd, I. (2005). Cold-induced coalescence of T-cell
plasma membrane microdomains activates signalling pathways. J. Cell Sci. 118,
3141-3151. doi: 10.1242/jcs.02442

Magee, A. 1, and Parmryd, L (2003).
and the protein composition of lipid rafts.
doi: 10.1186/gb-2003-4-11-234

Mahammad, S., Dinic, J., Adler, J, and Parmryd, I (2010). Limited
cholesterol depletion causes aggregation of plasma membrane lipid
rafts inducing T cell activation. Biochim. Biophys. Acta 1801, 625-634.
doi: 10.1016/j.bbalip.2010.02.003

Makuch, R., Zasada, A., Mabuchi, K., Krauze, K., Wang, C. L., and Dabrowska,
R. (1997). Phosphatidylserine liposomes can be tethered by caldesmon to actin
filaments. Biophys. J. 73, 1607-1616. doi: 10.1016/s0006-3495(97)78192-x

Marquardt, D., Geier, B., and Pabst, G. (2015). Asymmetric lipid membranes:
towards more realistic model Membranes 5, 180-196.
doi: 10.3390/membranes5020180

May, S. (2009). Trans-monolayer coupling of fluid domains in bilayers. Soft Matter
5,3148-3156. doi: 10.1039/b901647¢

McLaughlin, S., Wang, J., Gambhir, A., and Murray, D. (2002). PIP(2) and proteins:
interactions, organization, and information flow. Annu. Rev. Biophys. Biomol.
Struct. 31, 151-175. doi: 10.1146/annurev.biophys.31.082901.134259

Mehlhorn, L. E., Florio, E., Barber, K. R., Lordo, C., and Grant, C. W. (1988).
Evidence that trans-bilayer interdigitation of glycosphingolipid long chain fatty
acids may be a general phenomenon. Biochim. Biophys. Acta 939, 151-159.
doi: 10.1016/0005-2736(88)90056-9

Melkonian, K. A., Ostermeyer, A. G., Chen, J. Z,, Roth, M. G., and Brown, D. A.
(1999). Role of lipid modifications in targeting proteins to detergent- resistant
membrane rafts. Many raft proteins are acylated, while few are prenylated. J.
Biol. Chem. 274, 3910-3917. doi: 10.1074/jbc.274.6.3910

Mihailescu, M., Vaswani, R. G., Jardon-Valadez, E., Castro-Roman, F., Freites,
J. A., Worcester, D. L., et al. (2011). Acyl-chain methyl distributions of
liquid-ordered and -disordered membranes. Biophys. J. 100, 1455-1462.
doi: 10.1016/j.bpj.2011.01.035

Mondal, M., Mesmin, B., Mukherjee, S., and Maxfield, F. R. (2009). Sterols
are mainly in the cytoplasmic leaflet of the plasma membrane and the
endocytic recycling compartment in CHO cells. Mol. Biol. Cell 20, 581-588.
doi: 10.1091/mbc.E08-07-0785

Mongrand, S., Stanislas, T., Bayer, E. M., Lherminier, J., and Simon-Plas,
F. (2010). Membrane rafts in plant cells. Trends Plant Sci. 15, 656-663.
doi: 10.1016/j.tplants.2010.09.003

Morrisett, J. D., Pownall, H. J., Plumlee, R. T., Smith, L. C., and Zehner, Z. E.
(1975). Multiple thermotropic phase transitions in Escherichia coli membranes
and membrane lipids. A comparison of results obtained by nitroxyl stearate
paramagnetic resonance, pyrene excimer fluorescence, and enzyme activity
measurements. J. Biol. Chem. 250, 6969-6976.

Morrow, M. R,, Singh, D., Lu, D., and Grant, C. W. (1995). Glycosphingolipid fatty
acid arrangement in phospholipid bilayers: cholesterol effects. Biophys. J. 68,
179-186. doi: 10.1016/S0006-3495(95)80173-6

Mouritsen, O. G., and Bagatolli, L. A. (2015). Lipid domains in model membranes:
a brief historical perspective. Essays Biochem. 57, 1-19. doi: 10.1042/bse0570001

Mueller, V., Ringemann, C., Honigmann, A., Schwarzmann, G., Medda, R,
Leutenegger, M., et al. (2011). STED nanoscopy reveals molecular details
of cholesterol- and cytoskeleton-modulated lipid interactions in living cells.
Biophys. J. 101, 1651-1660. doi: 10.1016/j.bpj.2011.09.006

Detergent-resistant membranes
Genome Biol. 4:234.

systems.

Frontiers in Cell and Developmental Biology | www.frontiersin.org

January 2017 | Volume 4 | Article 155


https://doi.org/10.1021/acs.langmuir.5b04562
https://doi.org/10.1016/j.bbalip.2006.05.010
https://doi.org/10.1194/jlr.R046094
https://doi.org/10.7554/eLife.01671
https://doi.org/10.1021/cb500558n
https://doi.org/10.1073/pnas.71.6.2212
https://doi.org/10.1016/j.cell.2010.06.008
https://doi.org/10.1083/jcb.94.1.1
https://doi.org/10.1091/mbc.e11-11-0936
https://doi.org/10.1529/biophysj.106.091421
https://doi.org/10.1098/rstb.2012.0033
https://doi.org/10.1016/j.chembiol.2013.11.009
https://doi.org/10.1074/jbc.M114.571075
https://doi.org/10.1073/pnas.2336102100
https://doi.org/10.1073/pnas.1105996108
https://doi.org/10.1016/j.tibs.2005.06.004
https://doi.org/10.1016/j.bpj.2015.03.056
https://doi.org/10.1103/PhysRevLett.93.037401
https://doi.org/10.1101/cshperspect.a004788
https://doi.org/10.1126/science.1174621
https://doi.org/10.1529/biophysj.106.090852
https://doi.org/10.1016/j.bpj.2011.03.066
https://doi.org/10.1016/j.bpj.2011.02.029
https://doi.org/10.1242/jcs.164715
https://doi.org/10.1242/jcs.02442
https://doi.org/10.1186/gb-2003-4-11-234
https://doi.org/10.1016/j.bbalip.2010.02.003
https://doi.org/10.1016/s0006-3495(97)78192-x
https://doi.org/10.3390/membranes5020180
https://doi.org/10.1039/b901647c
https://doi.org/10.1146/annurev.biophys.31.082901.134259
https://doi.org/10.1016/0005-2736(88)90056-9
https://doi.org/10.1074/jbc.274.6.3910
https://doi.org/10.1016/j.bpj.2011.01.035
https://doi.org/10.1091/mbc.E08-07-0785
https://doi.org/10.1016/j.tplants.2010.09.003
https://doi.org/10.1016/S0006-3495(95)80173-6
https://doi.org/10.1042/bse0570001
https://doi.org/10.1016/j.bpj.2011.09.006
http://www.frontiersin.org/Cell_and_Developmental_Biology
http://www.frontiersin.org
http://www.frontiersin.org/Cell_and_Developmental_Biology/archive

Fujimoto and Parmryd

Interleaflet Coupling, Pinning, and Leaflet Asymmetry

Muguruma, M., Nishimuta, S., Tomisaka, Y., Ito, T., and Matsumura, S. (1995).
Organization of the functional domains in membrane cytoskeletal protein talin.
J. Biochem. 117, 1036-1042.

Murate, M., Abe, M., Kasahara, K., Iwabuchi, K., Umeda, M., and Kobayashi,
T. (2015). Transbilayer distribution of lipids at nano scale. J. Cell Sci. 128,
1627-1638. doi: 10.1242/jcs.163105

Nam, K. S, Igarashi, K., Umeda, M., and Inoue, K. (1990). Production

that  specifically

1046, 89-96.

antibodies
Acta

and  characterization of monoclonal
bind to phosphatidylcholine. Biochim. Biophys.
doi: 10.1016/0005-2760(90)90098-1

Nickels, J. D., Smith, J. C., and Cheng, X. (2015). Lateral organization, bilayer
asymmetry, and inter-leaflet coupling of biological membranes. Chem. Phys.
Lipids 192, 87-99. doi: 10.1016/j.chemphyslip.2015.07.012

Nicolson, G. L. (2014). The Fluid-Mosaic Model of Membrane Structure: still
relevant to understanding the structure, function and dynamics of biological
membranes after more than 40 years. Biochim. Biophys. Acta 1838, 1451-1466.
doi: 10.1016/j.bbamem.2013.10.019

Nicolson, G. L., and Painter, R. G. (1973). Anionic sites of human erythrocyte
membranes. II. Antispectrin-induced transmembrane aggregation of the
binding sites for positively charged colloidal particles. J. Cell Biol. 59, 395-406.
doi: 10.1083/jcb.59.2.395

Niemeld, P. S., Hyvonen, M. T., and Vattulainen, L. (2006). Influence of chain
length and unsaturation on sphingomyelin bilayers. Biophys. J. 90, 851-863.
doi: 10.1529/biophysj.105.067371

Op den Kamp, J. A. (1979). Lipid asymmetry in membranes. Annu. Rev. Biochem.
48, 47-71. doi: 10.1146/annurev.bi.48.070179.000403

Owen, D. M., Williamson, D. J., Magenau, A., and Gaus, K. (2012). Sub-resolution
lipid domains exist in the plasma membrane and regulate protein diffusion and
distribution. Nat. Commun. 3, 1256. doi: 10.1038/ncomms2273

Pantano, D. A., Moore, P. B., Klein, M. L., and Discher, D. E. (2011). Raft
registration across bilayers in a molecularly detailed model. Soft Matter 7,
8182-8191. doi: 10.1039/c1sm05490b

Parmryd, I, Adler, J., Patel, R, and Magee, A. I (2003). Imaging
metabolism of phosphatidylinositol 4,5-bisphosphate in T-cell GMI1-
enriched domains containing Ras proteins. Exp. Cell Res. 285, 27-38.
doi: 10.1016/S0014-4827(02)00048-4

Parmryd, I., and Onfelt, B. (2013). Consequences of membrane topography. FEBS
J. 280, 2775-2784. doi: 10.1111/febs.12209

Paz Ramos, A., Lagiie, P., Lamoureux, G., and Lafleur, M. (2016). Effect of saturated
very long-chain fatty acids on the organization of lipid membranes: a study
combining (2)H NMR spectroscopy and molecular dynamics simulations. J.
Phys. Chem. B 120, 6951-6960. doi: 10.1021/acs.jpcb.6b04958

Perlmutter, J. D., and Sachs, J. N. (2011). Interleaflet interaction and asymmetry in
phase separated lipid bilayers: molecular dynamics simulations. J. Am. Chem.
Soc. 133, 6563-6577. doi: 10.1021/jal06626r

Polley, A., Mayor, S., and Rao, M. (2014). Bilayer registry in a multicomponent
asymmetric membrane: dependence on lipid composition and chain length. J.
Chem. Phys. 141, 064903. doi: 10.1063/1.4892087

Putzel, G. G., and Schick, M. (2009). Theory of raft formation by the cross-
linking of saturated or unsaturated lipids in model lipid bilayers. Biophys. J.
96, 4935-4940. doi: 10.1016/j.bpj.2009.04.019

Putzel, G. G., Uline, M. J., Szleifer, I, and Schick, M. (2011). Interleaflet coupling
and domain registry in phase-separated lipid bilayers. Biophys. J. 100, 996-1004.
doi: 10.1016/j.bp;j.2011.01.021

Raghupathy, R., Anilkumar, A. A., Polley, A., Singh, P. P,, Yadav, M., Johnson,
C., et al. (2015). Transbilayer lipid interactions mediate nanoclustering of
lipid-anchored proteins. Cell 161, 581-594. doi: 10.1016/j.cell.2015.03.048

Rawyler, A., van der Schaft, P. H., Roelofsen, B., and Op den Kamp, J.
A. (1985). Phospholipid localization in the plasma membrane of Friend
erythroleukemic cells and mouse erythrocytes. Biochemistry 24, 1777-1783.
doi: 10.1021/bi00328a031

Renooij, W., Van Golde, L. M., Zwaal, R. F,, and Van Deenen, L. L. (1976).
Topological asymmetry of phospholipid metabolism in rat erythrocyte
membranes. Evidence for flip-flop of lecithin. Eur. J. Biochem. 61, 53-58.

Rog, T., Orlowski, A., Llorente, A., Skotland, T., Sylvinne, T., Kauhanen, D.,
et al. (2016). Interdigitation of long-chain sphingomyelin induces coupling of
membrane leaflets in a cholesterol dependent manner. Biochim. Biophys. Acta
1858, 281-288. doi: 10.1016/j.bbamem.2015.12.003

Saarikangas, J., Zhao, H., and Lappalainen, P. (2010). Regulation of the actin
cytoskeleton-plasma membrane interplay by phosphoinositides. Physiol. Rev.
90, 259-289. doi: 10.1152/physrev.00036.2009

Schram, V., and Thompson, T. E. (1995). Interdigitation does not affect
translational diffusion of lipids in liquid crystalline bilayers. Biophys. J. 69,
2517-2520. doi: 10.1016/S0006-3495(95)80122-0

Schroeder, R., London, E., and Brown, D. (1994). Interactions between
saturated  acyl detergent on lipids and
glycosylphosphatidylinositol (GPI)-anchored proteins: GPI-anchored proteins
in liposomes and cells show similar behavior. Proc. Natl. Acad. Sci. U.S.A. 91,
12130-12134. doi: 10.1073/pnas.91.25.12130

Sengupta, P., Hammond, A., Holowka, D., and Baird, B. (2008). Structural
determinants for partitioning of lipids and proteins between coexisting fluid
phases in giant plasma membrane vesicles. Biochim. Biophys. Acta 1778, 20-32.
doi: 10.1016/j.bbamem.2007.08.028

Sens, P, and Turner, M. S.
nonequilibrium  biomembranes.
doi: 10.1103/PhysRevLett.106.238101

Sevcsik, E., and Schiitz, G. J. (2016). With or without rafts? Alternative views on
cell membranes. Bioessays 38, 129-139. doi: 10.1002/bies.201500150

Sezgin, E., Can, F. B., Schneider, F., Clausen, M. P., Galiani, S., Stanly, T. A,
etal. (2016). A comparative study on fluorescent cholesterol analogs as versatile
cellular reporters. J. Lipid Res. 57, 299-309. doi: 10.1194/jlr. M065326

Sharma, P., Varma, R, Sarasij, R. C.,, Ira, Gousset, K., Krishnamoorthy, G., et al.
(2004). Nanoscale organization of multiple GPI-anchored proteins in living cell
membranes. Cell 116, 577-589. doi: 10.1016/S0092-8674(04)00167-9

Simons, K., and Ikonen, E. (1997). Functional rafts in cell membranes. Nature 387,
569-572.

Simons, K., and Toomre, D. (2000). Lipid rafts and signal transduction. Nat. Rev.
Mol. Cell Biol. 1, 31-39. doi: 10.1038/35036052

Singer, S. J., and Nicolson, G. L. (1972). The fluid mosaic model of the structure of
cell membranes. Science 175, 720-731. doi: 10.1126/science.175.4023.720

Solanko, K. A., Modzel, M., Solanko, L. M., and Wiistner, D. (2015). Fluorescent
sterols and cholesteryl esters as probes for intracellular cholesterol transport.
Lipid Insights 8, 95-114. doi: 10.4137/LP1.S31617

Spillane, K. M., Ortega-Arroyo, J., de Wit, G., Eggeling, C., Ewers, H., Wallace,
M. L, et al. (2014). High-speed single-particle tracking of GM1 in model
membranes reveals anomalous diffusion due to interleaflet coupling and
molecular pinning. Nano Lett. 14, 5390-5397. doi: 10.1021/n1502536u

Stace, C. L., and Ktistakis, N. T. (2006). Phosphatidic acid- and
phosphatidylserine-binding proteins. Biochim. Biophys. Acta 1761, 913-926.
doi: 10.1016/j.bbalip.2006.03.006

Stevens, M. J. (2005). Complementary matching in domain formation within lipid
bilayers. J. Am. Chem. Soc. 127, 15330-15331. doi: 10.1021/ja043611q

Sun, H., Chen, L., Gao, L., and Fang, W. (2015). Nanodomain formation of
ganglioside GM1 in lipid membrane: effects of cholera toxin-mediated cross-
linking. Langmuir 31, 9105-9114. doi: 10.1021/acs.langmuir.5b01866

Suzuki, K. G., Fujiwara, T. K., Edidin, M., and Kusumi, A. (2007a). Dynamic
recruitment of phospholipase C gamma at transiently immobilized GPI-
anchored receptor clusters induces IP3-Ca’* signaling: single-molecule
tracking study 2. J. Cell Biol. 177, 731-742. doi: 10.1083/jcb.200609175

Suzuki, K. G., Fujiwara, T. K., Sanematsu, F., Iino, R., Edidin, M., and Kusumi, A.
(2007b). GPI-anchored receptor clusters transiently recruit Lyn and G alpha for
temporary cluster immobilization and Lyn activation: single-molecule tracking
study 1. J. Cell Biol. 177, 717-730.

Takatori, S., Mesman, R., and Fujimoto, T. (2014). Microscopic methods to observe
the distribution of lipids in the cellular membrane. Biochemistry 53, 639-653.
doi: 10.1021/bi401598v

Van der Schaft, P. H., Beaumelle, B., Vial, H., Roelofsen, B., Op den Kamp,
J. A, and Van Deenen, L. L. (1987). Phospholipid organization in monkey
erythrocytes upon Plasmodium knowlesi infection. Biochim. Biophys. Acta 901,
1-14. doi: 10.1016/0005-2736(87)90250-1

van Meer, G., Gahmberg, C. G., Op den Kamp, J. A,, and van Deenen, L. L. (1981).
Phospholipid distribution in human En(a-) red cell membranes which lack the
major sialoglycoprotein, glycophorin A. FEBS Lett. 135, 53-55.

Veatch, S. L., and Keller, S. L. (2005). Miscibility phase diagrams of
giant vesicles containing sphingomyelin. Phys. Rev. Lett. 94:148101.
doi: 10.1103/PhysRevLett.94.148101

chains  confer resistance

(2011).
Phys.

Microphase
Rev.  Lett.

separation  in
106:238101.

Frontiers in Cell and Developmental Biology | www.frontiersin.org

11

January 2017 | Volume 4 | Article 155


https://doi.org/10.1242/jcs.163105
https://doi.org/10.1016/0005-2760(90)90098-I
https://doi.org/10.1016/j.chemphyslip.2015.07.012
https://doi.org/10.1016/j.bbamem.2013.10.019
https://doi.org/10.1083/jcb.59.2.395
https://doi.org/10.1529/biophysj.105.067371
https://doi.org/10.1146/annurev.bi.48.070179.000403
https://doi.org/10.1038/ncomms2273
https://doi.org/10.1039/c1sm05490b
https://doi.org/10.1016/S0014-4827(02)00048-4
https://doi.org/10.1111/febs.12209
https://doi.org/10.1021/acs.jpcb.6b04958
https://doi.org/10.1021/ja106626r
https://doi.org/10.1063/1.4892087
https://doi.org/10.1016/j.bpj.2009.04.019
https://doi.org/10.1016/j.bpj.2011.01.021
https://doi.org/10.1016/j.cell.2015.03.048
https://doi.org/10.1021/bi00328a031
https://doi.org/10.1016/j.bbamem.2015.12.003
https://doi.org/10.1152/physrev.00036.2009
https://doi.org/10.1016/S0006-3495(95)80122-0
https://doi.org/10.1073/pnas.91.25.12130
https://doi.org/10.1016/j.bbamem.2007.08.028
https://doi.org/10.1103/PhysRevLett.106.238101
https://doi.org/10.1002/bies.201500150
https://doi.org/10.1194/jlr.M065326
https://doi.org/10.1016/S0092-8674(04)00167-9
https://doi.org/10.1038/35036052
https://doi.org/10.1126/science.175.4023.720
https://doi.org/10.4137/LPI.S31617
https://doi.org/10.1021/nl502536u
https://doi.org/10.1016/j.bbalip.2006.03.006
https://doi.org/10.1021/ja043611q
https://doi.org/10.1021/acs.langmuir.5b01866
https://doi.org/10.1083/jcb.200609175
https://doi.org/10.1021/bi401598v
https://doi.org/10.1016/0005-2736(87)90250-1
https://doi.org/10.1103/PhysRevLett.94.148101
http://www.frontiersin.org/Cell_and_Developmental_Biology
http://www.frontiersin.org
http://www.frontiersin.org/Cell_and_Developmental_Biology/archive

Fujimoto and Parmryd

Interleaflet Coupling, Pinning, and Leaflet Asymmetry

Verkleij, A. J., Zwaal, R. F., Roelofsen, B., Comfurius, P., Kastelijn, D., and
van Deenen, L. L. (1973). The asymmetric distribution of phospholipids in
the human red cell membrane. A combined study using phospholipases and
freeze-etch electron microscopy. Biochim. Biophys. Acta 323, 178-193.

Visco, L., Chiantia, S., and Schwille, P. (2014). Asymmetric supported lipid bilayer
formation via methyl-beta-cyclodextrin mediated lipid exchange: influence of
asymmetry on lipid dynamics and phase behavior. Langmuir 30, 7475-7484.
doi: 10.1021/1a500468r

von Haller, P. D., Donohoe, S., Goodlett, D. R., Aebersold, R., and Watts, J.
D. (2001). Mass spectrometric characterization of proteins extracted from
Jurkat T cell detergent-resistant membrane domains. Proteomics 1, 1010-1021.
doi: 10.1002/1615-9861(200108)1:8<1010::AID-PROT1010>3.0.CO;2-L

Wagner, A. J., Loew, S., and May, S. (2007). Influence of monolayer-monolayer
coupling on the phase behavior of a fluid lipid bilayer. Biophys. J. 93, 4268-4277.
doi: 10.1529/biophys;j.107.115675

Wan, C., Kiessling, V., and Tamm, L. K. (2008). Coupling of cholesterol-
rich lipid phases in asymmetric bilayers. Biochemistry 47, 2190-2198.
doi: 10.1021/bi7021552

Wang, T. Y., and Silvius, J. R. (2001). Cholesterol does not induce segregation of
liquid-ordered domains in bilayers modeling the inner leaflet of the plasma
membrane. Biophys. J. 81, 2762-2773.

Whiteley, N. M., and Berg, H. C. (1974). Amidination of the outer and inner
surfaces of the human erythrocyte membrane. J. Mol Biol. 87, 541-561.
doi: 10.1016/0022-2836(74)90103-X

Williamson, J. J., and Olmsted, P. D. (2015). Registered and antiregistered
phase separation of mixed amphiphilic bilayers. Biophys. J. 108, 1963-1976.
doi: 10.1016/j.bpj.2015.03.016

Wood, R., and Harlow, R. D.
liver  phosphoglycerides. ~ Arch.
doi: 10.1016/0003-9861(69)90540-2

Yabuuchi, H., and O’Brien, J. S. (1968). Positional distribution of fatty acids in
glycerophosphatides of bovine gray matter. J. Lipid Res. 9, 65-67.

(1969).
Biochem.

of rat
272-281.

Structural
Biophys.

analyses
135,

Yang, H. J., Sugiura, Y., lkegami, K., Konishi, Y., and Setou, M. (2012).
Axonal gradient of arachidonic acid-containing phosphatidylcholine
and its dependence on actin dynamics. J. Biol. Chem. 287, 5290-5300.
doi: 10.1074/jbc.m111.316877

Yethiraj, A., and Weisshaar, J. C. (2007). Why are lipid rafts not observed in vivo?
Biophys. J. 93, 3113-3119. doi: 10.1529/biophysj.106.101931

Zachowski, A. (1993). Phospholipids in animal eukaryotic membranes: transverse
asymmetry and movement. Biocherm. J. 294(Pt 1), 1-14. doi: 10.1042/bj2940001

Zhang, J., Jing, B., Janout, V., and Regen, S. L. (2007). Detecting cross talk
between two halves of a phospholipid bilayer. Langmuir 23, 8709-8712.
doi: 10.1021/1a701503v

Zhang, J., Jing, B., Tokutake, N., and Regen, S. L. (2004). Transbilayer
complementarity of phospholipids. A look beyond the fluid mosaic model. J.
Am. Chem. Soc. 126, 10856-10857. doi: 10.1021/ja046892a

Zhang, J., Jing, B., Tokutake, N., and Regen, S. L. (2005). Transbilayer
complementarity of phospholipids in cholesterol-rich membranes.
Biochemistry 44, 3598-3603. doi: 10.1021/bi048258f

Zhou, Y., Liang, H., Rodkey, T., Ariotti, N., Parton, R. G., and Hancock, J.
F. (2014). Signal integration by lipid-mediated spatial cross talk between
Ras nanoclusters. Mol. Cell. Biol. 34, 862-876. doi: 10.1128/MCB.012
27-13

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2017 Fujimoto and Parmryd. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) or licensor are credited and that the original publication in this journal
is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Cell and Developmental Biology | www.frontiersin.org

12

January 2017 | Volume 4 | Article 155


https://doi.org/10.1021/la500468r
https://doi.org/10.1002/1615-9861(200108)1:8<1010::AID-PROT1010>3.0.CO;2-L
https://doi.org/10.1529/biophysj.107.115675
https://doi.org/10.1021/bi7021552
https://doi.org/10.1016/0022-2836(74)90103-X
https://doi.org/10.1016/j.bpj.2015.03.016
https://doi.org/10.1016/0003-9861(69)90540-2
https://doi.org/10.1074/jbc.m111.316877
https://doi.org/10.1529/biophysj.106.101931
https://doi.org/10.1042/bj2940001
https://doi.org/10.1021/la701503v
https://doi.org/10.1021/ja046892a
https://doi.org/10.1021/bi048258f
https://doi.org/10.1128/MCB.01227-13
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Cell_and_Developmental_Biology
http://www.frontiersin.org
http://www.frontiersin.org/Cell_and_Developmental_Biology/archive

	Interleaflet Coupling, Pinning, and Leaflet Asymmetry—Major Players in Plasma Membrane Nanodomain Formation
	Membrane Asymmetry
	Lipid Asymmetry in the Plasma Membrane
	Phosphatidylcholine
	Aminophospholipids
	Phosphatidylinositol and Phosphoinositides
	Sphingomyelin
	Glycosphingolipids
	Cholesterol
	Acyl Chains
	Ordered Membrane Nanodomains in the Cytoplasmic Plasma Membrane Leaflet

	The Registration of Membrane Nanodomains in the Two Leaflets
	Size of Domains
	Crossing the Mid-Line—a Privilege of Asymmetric Lipids with one Long Acyl Chain
	Imperfection in Lipid Asymmetry and Domain Registration
	Pinning
	Outlook
	Author Contributions
	Acknowledgments
	References


