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Abstract

Most lipid components of cell membranes are either neutral, like cholesterol, or zwitterionic, like
phosphatidylcholine and sphingomyelin. Very few lipids, such as sphingosine, are cationic at
physiological pH. These generally interact only transiently with the lipid bilayer, and their
synthetic analogs are often designed to destabilize the membrane for drug or DNA delivery.
However, anionic lipids are common in both eukaryotic and prokaryotic cell membranes. The net
charge per anionic phospholipid ranges from —1 for the most abundant anionic lipids such has
phosphatidylserine, to near —7 for phosphatidylinositol 3,4,5 trisphosphate, although the effective
charge depends on many environmental factors. Anionic phospholipids and other negatively
charged lipids such as lipopolysaccharides are not randomly distributed in the lipid bilayer, but are
highly restricted to specific leaflets of the bilayer and to regions near transmembrane proteins or
other organized structures within the plane of the membrane. This review highlights some recent
evidence that counterions, in the form of monovalent or divalent metal ions, polyamines, or
cationic protein domains, have a large influence of the lateral distribution of anionic lipids within
the membrane, and that lateral demixing of anionic lipids has effects on membrane curvature and
protein function that are important for biological control.

Biological membrane charge asymmetry

Biological membranes, in particular the plasma membrane of a cell, are composed largely of
phospholipids. The primary function of a membrane is to separate what is outside from what
is inside. In simple organisms, the plasma membrane is a partition between the complex, and
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sometimes delicate, molecules required for life from the harsh environment. In the case of a
eukaryotic cell embedded in a multicellular organism, the plasma membrane mediates a
precise balance of intracellular constituents — proteins, sugars, nucleic acids, and ions — from
the extracellular milieu that has vastly different concentrations of these molecules. Cell
membranes are much more than diffusion barriers; they catalyze reactions, serve as protein
scaffolds, limit the flow of electrically charged solutes, and ultimately control the exchange
of information between a cell and what surrounds it [4].

Cells devote up to 5% of their genome to synthesis of the lipids that are the primary
ingredients of biological membranes [1]. When aggregated in droplets, lipids serve as
energy reservoirs (often in the form of triacylglycerol or TAG) that can be catabolized to
generate energy for the cell in the form of ATP. These droplets are also stores of fatty acids
and sterols that can be used to generate other membrane components such as cholesterol.
Degradation of lipids in the membrane by specialized proteins serves as a starting point for
signaling cascades; when a lipid is cleaved in half, information extends across the membrane
via the diffusion of hydrophobic lipid fragments and propagates into the cytosol via the
diffusion of the polar lipid fragment. Modification of phospholipids that alter their charge,
such as by phosphorylation of the head group, can initiate or prevent a cellular signaling
cascade, and in one case, the so-called “futile cycle” of repeated phosphorylation and
dephosphorylation of phosphoinositides may consume up to 7% of a cell’s energy in the
form of ATP [5].

The inner leaflet and the outer leaflet have different compositions

There are hundreds of different lipid species [6] but in eukaryotic cells, the major lipid
family is glycerophospholipids, which includes phosphatidylcholine (PtdCho),
phosphatidylethanolamine (PtdEtn), phosphatidylserine (PtdSer), phosphatidic acid (PtdA),
and phosphatidylinositol (PtdIns) and its phosphorylated derivatives (PtdInsP, PtdinsP,, and
PtdInsPs; collectively PPIns). These molecules are typically named by their head group,
which is attached to hydrocarbon acyl chains that can be either saturated or unsaturated (one
or more double bonds) as shown in Figure 1. Up to 80 % of acyl chains contain a single
double bond in mammalian cells and viruses [3].

Recent advances in high-throughput mass spectrometry have enabled the determination of
total lipid content within a cell. The lipids in different intracellular compartments and on
either side of the plasma membrane are not the same; that is, there is an asymmetry in the
distribution of lipid species across the two leaflets of the plasma membrane. Further, the
ratio of lipid species changes greatly during maturation or after stimulation with growth
factors and other cellular agonists [2, 3].

In general, the outer leaflet of the mammalian cell plasma membrane contains neutral and
zwitterionic lipids whereas the inner leaflet contains a mix of neutral or zwitterionic lipids
and the negatively charged species, PPIns (charges of -3, —4, or -5), PtdA (charge of -1 or
-2), and PtdSer (charge of —-1). A simplified representation of a eukaryotic cell membrane,
demonstrating the distribution and relative amounts of common species is shown in Figure
2. Another negatively charged lipid, cardiolipin (CL; charge —1 or —2), is found on the inner
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mitochondrial membrane in eukaryotes and in the inner membrane of bacteria. Bilayer
asymmetry is established by the trans-Golgi network, which sends lipids to the membrane in
the form of vesicles, and then maintained by ATP-dependent proteins, dubbed “flippases”
and “floppases” depending on the flip (outward) or flop (inward) direction, which sort and
maintain certain lipids in each leaflet of the membrane bilayer [6]. An energy barrier of 80—
220 kJ/mol must be surmounted to overcome the penalty of either transiently exposing the
buried hydrophobic regions of a phospholipid to water or dehydrating the polar head group
during a flip or flop [7]. Although the kinetics of lipid flipping have generally been thought
to be extremely slow, on the order of days, more recent measurements suggest that the
kinetics might in some cases be considerably faster, and the energy barrier much lower [7].

Several candidate proteins with specific affinity for various lipid types have been suggested.
Local production of a certain lipid species, such as by PI5K, a kinase that phosphorylates
PtdIns(4)P to PtdIns(4,5)P,, can also result in enrichment of a lipid type in one leaflet.
Treatment of red blood cells with extracellular calcium can result in an increase of
intracellular calcium and subsequent loss of lipid asymmetry [8]. As many enzymes that
modify phospholipids themselves depend on divalent cations, either as co-factors or to
stabilize their structure, the relationship between counterions and phospholipids is complex.

Although the zwitterions PtdCho and PtdEtn are the most abundant phospholipids from
yeast to mammals, the acidic phospholipids PtdSer, PPIns, PtdA, and sterols are a significant
fraction of membrane bilayers, especially in the plasma membrane and Golgi apparatus [9].
Another acidic phospholipid, phosphatidylglycerol (PtdGly) that carries a charge of -1 due
to a phosphodiester bond is abundant in bacteria, but generally scarce in mammalian cell
membranes. However it can be found in extracellular pulmonary surfactant, where it aids in
blocking viral attachment to host cells and can bind to Toll-like receptor 4, disrupting the
interactions of lipopolysaccharides and other integral membrane proteins [10]. PtdGly is
also found in plant cells, especially in the thylakoid membrane, and the amount of saturation
in the acyl chains decreases with the plant’s resistance to chilling [11]. Cardiolipin (CL) is a
dimer of two PtdGly lipids, linked through their glycerol headgroup moiety, and thus has
four acyl chains. Increasing the level of CL in liposomal membranes increases the
membrane-fluidizing effect of local anesthetics, with CL having a greater effect than PtdA,
PtdGly, or PtdSer [12].

Just as the phospholipids in the plasma membrane are not evenly distributed in each leaflet,
the phospholipids are not symmetrically distributed across the membrane of mitochondria
[9]. Until recently, the membranes of bacteria were assumed to be a homogenous mixture of
phospholipids without any clear domains or phase boundaries. However, the uneven
distribution of lipid dyes, such as those conjugated to CL, suggest that the spatial
arrangement of phospholipids in bacterial membranes is not random [13]. While the outer
leaflet of the eukaryotic plasma membrane is actively maintained near charge neutrality, the
outer leaflet of many bacterial membranes is negatively charged [14].

The fact that only the inner leaflet of eukaryotic cells usually contains the acidic
phospholipids under physiological conditions results in a significant negative surface charge
density. Mobile counterions in the cytoplasm are drawn to the membrane and interact with
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the negative lipids, sometimes forming a bond, reducing the overall electrostatic potential
[15]. Non-specific, electrostatically driven adsorption of counterions to the charged lipid
surface (forming the Stern layer) in some cases in combination with specific binding of
multicationic solutes to unique anionic phospholipid species, can lead to significant changes
in membrane structure including changes in membrane curvature and surface patterning.
The concentration of CaZ* in the Stern layer near the membrane can be more than ten times
the bulk concentration in the cytosol [16], and there is likely competition between Ca?* and
other physiological divalent cations, such as Mg2* [17]. The interplay among ions may
result in competition for specific binding to anionic phospholipids that carry a valence of
more than —2 or simple electrostatic attraction, usually to anionic phospholipids with a
valence of —1. However, important differences remain between the effects of Ca?* and Mg?2*
and the concentration of counterions near a highly charged anionic membrane depends on
both the valence and hydrated diameter of the cation [18, 19].

What drives patterning?

Lipid monolayers and membranes can form domains with divalent counterions

Just as acidic lipids are non-randomly distributed across the two leaflets of the bilayer, they
are also increasingly recognized to be non-randomly distributed within the plane of the
bilayer, especially at the interface of the plasma membrane and the cytosol. Formation of
acidic lipid domains large enough to visualize by light microscopy that are stabilized by
multivalent counterions have long been demonstrated using purified systems in vitro [20].
An important early fluorescence microscopy study showed that addition of CaZ* but not
Mg?* to vesicles containing fluorescently labeled PtdSer or PtdA but not zwitterionic
phospholipids lead to demixing of the acidic lipids within the membrane, that incorporation
of cholesterol into the vesicle lowered the concentration of CaZ* required for domain
formation, and that similar domains were observed when fluorescent lipids were added to
red cell ghost membranes [20]. Whether such domains appear or have functions in live cells
has been more difficult to resolve in part because of difficulties in detecting sub-micron
domains that could appear locally on a sub-cellular scale and on issues related to
cholesterol-dependent lipid mixing (raft formation) in vivo. Recently, several lines of
evidence strongly suggest that clusters or domains of acidic lipids form in cell membranes,
that these domains are affected by fluxes in divalent metal ion or multivalent cation levels,
and that they might act as transient platforms for signal transduction, cytoskeletal assembly,
and vesicle trafficking. The most highly charged phospholipids, polyphosphoinositides
(PPIns), are especially implicated in dynamic cell membrane domain formation.

Recent studies show the formation of nanoscale PtdInsP, clusters during critical PtdInsP -
triggered cellular functions [21, 22]. Clustering of the SNAP receptor protein syntaxin-1A
on the plasma membrane [23], which enables neuronal exocytosis, requires formation of
lipid domains. Stimulated emission depletion (STED) microscopy revealed that PtdInsP, in
the plasma membrane of a PC12 cell forms nanoclusters with a relatively narrow size
distribution centered at 73 nm in diameter (Figure 3 A&B) and a peak surface coverage of
~80% PtdInsP, in these clusters. Similar size distributions of PtdInsP, nanoclusters in a
plasma membrane have also been reported using the same cell line but different imaging
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techniques [24]. Strikingly, PtdInsP, clusters found in plasma membranes closely resemble
the structures formed by purified PtdInsP, and Ca2* in purified mixed lipid monolayers
(Figure 3 C&D) [22]. The cluster formation in either plasma or model membranes is not
limited to PtdInsP,. PtdinsP3 is also found to present as clusters in an unroofed cell
membrane when stained with mCherry-fused PH-GRP1 domains (Figure 3 E) [25].
Furthermore, CaZ*-induced formation of lipid clusters with similar sizes as those reported in
Figure 3 A&C are found in supported lipid bilayers doped with 20 mol% PtdSer (POPS)
(Figure 3 F&G) [26]. These results suggest that Ca2*-induced PtdInsP, cluster formation is
less likely to result from a unique binding of CaZ* and PtdInsP, than from a more general
electrostatic interaction between soluble multivalent counterions and charged lipids within a
membrane.

The mechanisms of multivalent cation-induced perturbations in PtdInsP, lateral structure
depend on the lateral organization of PtdIndP, in the absence of multivalent cations or
proteins. The lateral organization of PtdInsP, in model membranes in the absence of both
multivalent cations and proteins has been proposed to depend on a balance of electrostatic
repulsions and hydrogen bond attractions between highly charged PtdinsP, head groups
mediated by intervening water molecules [27]. The hypothesis that hydrogen bond
networking plays a role in PtdInsP, lateral structure is primarily supported by the fact that
the phase transition temperature of PtdInsP; is different from that of PtdCho (DPPC)
determined by infrared spectroscopy from a binary lipid mixture, and such differences
diminish as pH decreases [28, 29]. However, hydrogen bond networking by itself does not
seem enough to trigger PtdInsP, nanocluster formation. The absence of PtdInsP, clusters in
a binary fluidic PtdCho-containing bilayer in the absence of multivalent cations is inferred
from a spectroscopic study since neither changes in fluorescence intensity nor anisotropy of
NBD-PtdInsP, due to clustering was observed in the pH range tested [30]. This conclusion
is consistent with the results of a grazing incident X-ray scattering study in which PtdInsP,
was found to distribute homogeneously in PtdCho (DOPC)-containing bilayers unless the
relative humidity was decreased below 90% [31].

The idea that divalent cations perturb the lateral structure of anionic lipids in the membrane
was recognized in early observations that Ca?* induces the phase segregation of PtdSer as
detected by differential scanning calorimetry (DSC) [32] or electron spin resonance (ESR)
[33]. A divalent cation-induced morphology change of PtdInsP, was initially reported in
micelles as revealed by light and electron microscopy [34]. The morphology of purified
PtdInsP, in aqueous suspension changes from 6 nm-diameter spherical micelles into striated
fibrils composed of stacks of discoid micelles [34]. The differences among Mg?*, Ca%*, and
Ba2* in inducing PtdInsP, aggregation are reflected in the diameter of the filaments, which
are 19, 12 and 10 nm, respectively, and are correlated with the hydrated radii of the cations
[35, 36]. More detailed small angle X-ray scattering suggest that CaZ* induces structural
changes of PtdInsP, micelles from prolate micelles to disordered lamellae at Ca*/PtdInsP,
=0.70 and at pH 7.2. Such a phase transition can also be induced by Mg?* at a higher
concentration, but the transition is not as obvious [37]. PtdInsP, clusters can also form in
supported lipid bilayers containing PtdCho, at low pH (4.8) where the net charge of PtdInsP,
is —3, depending on buffer conditions with consequences for binding proteins [38].
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In PtdSer membranes that also contain lecithin (PtdCho), the addition of as little as 1 mM
Ca?* (in 100 mM KCI buffer) induces broadening of the electron spin resonance (ESR)
peaks, indicating that Ca2* is capable of rapidly binding to PtdSer phospholipids and
separating it from the lecithin molecules [39]. These effects, as the ones with PtdInsP,, are
similar with Ba2* or Sr2*, but not Mg2*; high concentrations of Mg?* (> 50 mM) were
found instead to increase the order of the membranes [40].

Ca?*-induced PtdInsP, cluster formation in a lipid bilayer has been shown using giant
unilamellar vesicles (GUVs) (Figure 4 A&B) [41]. This study suggests that Ca2* and Mg2*
cluster PtdInsP,, at a concentration >25 pM for Ca2* and >300 uM for Mg2* and rupture
vesicles at a concentration >300 M for Ca?* and >1 mM for MgZ*. PtdInsP, demixing and
PtdInsP, clusters in GUVs have also been observed using Laurdan generalized polarization,
where extremely small clusters (tens of molecules) have been inferred from the data [42].
Ca?*-induced PtdInsP, clustering was also studied in a Langmuir lipid monolayer doped
with fluorescent PtdInsP, analogs by fluorescence microscopy [43]. The monolayer studies
revealed that the formation of Ca2*-induced clusters coincides with a drop in surface
pressure, and adding excess EDTA reverses both events. The formation and size distribution
of Ca2*-induced PtdInsP, clusters were investigated by transferring the monolayer onto
coverslips so it could be examined more closely with fluorescence, atomic force, and
electron microscopy. This approach was applied in investigating the phase diagram of Ca?*-
induced PtdInsP, cluster formation at various PtdinsP, mole fractions and pH values [44].

Replacing Ca%* by Mg2* changes the boundary of the phase diagram so that clusters form
only at higher pH values and the clusters are much smaller in size. Representative atomic
force microscope (AFM) images of CaZ*- and Mg2*-induced PtdInsP, cluster formation are
shown in Figure 4 C&D [17]. This observation is rationalized by a weaker electrostatic
interaction due to a larger cationic size of Mg2* compared to that of Ca2*. However, the
hydrated shell of Mg2* is only 4-15% larger compared to that of CaZ* [35, 36, 45],
suggesting that factors other than ionic diameter are responsible for the difference between
interactions of Mg2* and Ca2* with PtdInsP,. Calorimetric studies show that the mixing
enthalpy of Ca2* with an aqueous PtdInsP, dispersion is strongly endothermic, suggesting a
Ca?*-induced dehydration of PtdInsP, [46]. The endothermic change is attributed to the
exclusion of water that penetrates deeply into the hydrophobic spaces between PtdInsP; as a
result of the neutralization effect of Ca?* and therefore the decreased area per PtdInsP
molecule [47]. The hydration level at the lipid-water interface in the presence of divalent
cations has also been studied by attenuated total reflection Fourier transform infrared
spectroscopy (ATR-FTIR) [17]. This result suggests that the loss of water also comes from
the hydration shell of CaZ* on binding to PtdInsP, while Mg2* remains hydrated. This
proposed mechanism was further validated by MD simulations [48] and provides a feasible
explanation for the weaker membrane condensation induced by MgZ* compared to that
induced by Ca?*. Similar differences in inducing PtdInsP, cluster formation between Ca?*
and Mg2* were reported in large unilamellar vesicles (LUVSs). PtdInsP, cluster formation in
a lipid bilayer has also been studied by a steady-state spectroscopic method in which the
degree of cluster formation was quantified by Forster resonance energy transfer (FRET), and
the trend in inducing PtdInsP, clustering in a bilayer membrane follows the order: Ca?* >
Mg2+ > Zn?*,
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Like PtdInsP,, PtdA has a strong response to CaZ*. In monolayers of PtdA, the addition of
Ca?* causes a drop in surface pressure [49], and the surface pressure is increased with
increasing ionization of the phospholipid [50]. The charge of PtdA ranges from neutral to -2
as a function of pH, hydrogen bonds, the presence of divalent ions, and electrostatic
correlation effects [24, 51], in the same manner that the charge of PtdInsP, changes based on
the same factors [52-54]. In mixed membranes containing PtdA and PtdCho, the addition of
10 mM Ca?* caused ESR peak broadening [55], similar to the effect of Ca?* on membranes
containing PtdSer mixed with lecithin [39]. Inside the clusters, the average area per PtdA
phospholipid is reduced and the acyl chains show increased ordering [55]. If the pH is lower
than 5.5, where the net charge of PtdA is less negative, the ability of Ca?* to induce phase
segregation is decreased [39]. Moreover, the charge of PtdA has direct applications in cells;
PtdA is capable of acting as a pH biosensor by altering the binding of a transcription factor,
depending on head group protonation, and thus intracellular pH near the membrane [56, 57].

Polyamines such as spermine are the most abundant polyvalent cations in the cytoplasm of
most cells, and their interactions with PtdInsP, have been extensively studied [58-64]. In
FRET studies it was shown that divalent metal ions have greater capacity to cluster PtdInsP,
than do polyamines with higher cationic charge, in contrast to the expectation if binding of
counterions was purely electrostatic. The differences between polyamines and divalent metal
ions are also reflected in their surface pressure effects on addition to PtdInsP,-containing
monolayers. Polyamines with charges from +2 to +4 expand, rather than condense the
membrane, in a charge-dependent manner [17].

Two fundamental differences between organic multivalent polyamines and inorganic
divalent metal ions are thought to account for their difference when interacting with
PtdInsP,: packing geometry and hydration energy. The positive charges of polyamines are
distributed at fixed lengths along a conformationally flexible carbon chain [65], which might
permit binding to linearly spaced phospholipids in a different geometry than the same
number of individual Ca2* or Mg2* ions [44]. Another difference between organic amines
and divalent metal ions is in their extent of hydration. *H-NMR and other studies suggest
that organic amines are less hydrophilic than divalent metal ions [66], in agreement with the
finding that NH,* has a much lower dehydration energy compared to that of Ca2* [67].

The antagonistic effects of Ca2* and polyamines when interacting with anionic membranes
are evident in several distinct studies. For instance, Ca2* promotes transmembrane lipid
scrambling [68], which is antagonized by the addition of spermine, presumably by its
interaction with PtdInsP, that prevents the formation of CaZ*-PtdInsP, complexes [62].
Other examples from the literature show that resealed erythrocyte ghosts are stabilized by
polyamines in a concentration-dependent manner, which is reflected in an increased shear
modulus [69] and an increased osmolysis barrier [70] of the membrane; in contrast, Ca?*
and Mg?2* at high concentration (millimolar), destabilize the membrane. The effects of
polyamines and divalent metal ions on anionic membranes are not always antagonistic. The
rate of Ca2*-induced vesicle fusion is significantly increased when the vesicles are pre-
incubated with polyamines, although polyamines by themselves do not promote vesicle
fusion in most cases [71, 72]. The complicated cross interaction between Ca2* and
polyamines on anionic membranes appears to warrant more investigation.
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Charged block copolymers phase segregate in the presence of divalent counterions

Divalent ion-dependent domain formation of polyvalent anionic amphiphiles is not limited
to phospholipids. Amphipathic block copolymers can under appropriate conditions also form
bilayer vesicles called polymersomes [73-75], and when a polyanionic block copolymer
such as poly(acrylic acid) poly(butadiene) (PAA-PBD) is mixed with a neutral copolymer
like poly(ethylene oxide) poly(butadiene) (PEO-PBD) that has a similar hydrophobic block,
the vesicles undergo reversible formation of domains when divalent metal ions such as Ca?*
or Cu?* are added [76], as shown in Figure 5. The effects of divalent cations to cluster the
charged polymers within the bilayer of the polymersomes are rapid and faster than the
effects of raising pH to increase the net charge on the anionic copolymer, which presumably
increases electrostatic repulsions that are not compensated by the divalent counterions and
leading to fingering and destabilization of the polymer domains [77].

Remarkably, fluorescent anionic phospholipids such as BODIPY-FL Ptdins(4,5)P»
(molecular mass, Mw = 1514 g/mol) can also be incorporated into such polymersomes, and
when Ca?* is added, they demix together with the anionic block copolymer; (Mw = 10,050)
[76] despite the large difference in size, as shown in Figure 5B

When anionic and neutral block polymers with a different balance of hydrophobic to
hydrophilic block are mixed to form rodlike micelles, addition of Ca2* can cause the
charged blocks to demix into stripes (Figure 5C). Thermodynamic arguments based on the
phase diagram describing the conditions when spots or stripes form suggest that the stability
of the demixed state depends on a balance between the entropy of the counterions and the
energy of electrostatic cross bridging [76, 77].

Antibacterial peptides can cluster anionic phospholipids

The idea that counterion-induced clustering of acidic lipids in mixed lipid bilayers has
biological consequences has long been suggested by a variety of experiments. For example
one early study showed that the ion transport rate through single gramicidin A channels
within black lipid bilayers containing anionic phosphatidic acid and neutral lecithin
(PtdCho) depended very strongly on the concentration of Ca2* ina 1 to 10 uM range
relevant to the biological context [78]. It is beyond the scope of this short review to discuss
the vast literature reporting effects of multivalent cations on membranes containing anionic
lipids, where lipid clustering effects are difficult to separate from specific ion binding
effects, but one biologic problem in which consideration of counterion-driven demixing of
lipids might have direct relevance to biologic function is the mechanism by which
antimicrobial agents kill bacteria.

Antimicrobial peptides, the polycationic amphipathic peptides that are essential elements in
innate immunity can form lateral domains with their anionic lipid targets [79-85], and this
lipid clustering appears to be important for their toxic effects on prokaryotes. Antimicrobial
agents such as cathelicidins or beta-defensins in mammals or squalamine and other cationic
steroids in sharks and other organisms, are initially attracted to the negatively charged
surfaces formed by lipopolysaccharides or lipoteichoic acid on the bacterial outer wall, but
to kill their targets, antimicrobial agents must also breach the inner bacterial membrane,
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which is largely composed of phospholipids. For example, the smallest antibacterial
fragment of the human cathelicidin peptide LL37 (KR-12) has the sequence
KRIVQRIKDFLR [86] in which half of the residues are positive, with 1 negative charge and
multiple hydrophobic residues. Unlike most full-length antimicrobial agents, which have a
broad spectrum of activity against many bacterial strains, KR-12 is highly toxic to E. coli
but not to S. aureus. A calorimetric and NMR study showed that KR-12 induces domains of
anionic lipids to form in mixed lipid membranes. Even smaller peptides with 3 net positive
charges can form clusters of the anionic lipid PtdGly in mixed membranes containing PtdEtn
[82]. Clustering of anionic lipids is reported to be important for antibacterial function of
numerous antimicrobial agents [79, 80]. The differential effect of KR-12 on E. coli and S.
aureus is likely to be related to the fact that E. coli membrane contains both anionic and
zwitterionic phospholipids, whereas the membrane of S. aureus is formed mainly by anionic
lipids, and therefore KR-12 does not induce domains in it. Cationic antimicrobial factors
also do not injure host eukaryotic cells at the concentrations at which they lyse bacteria,
because the outer surface of eukaryotic cell membranes is conspicuously lacking anionic
lipids and is largely composed of the zwitterions PtdCho and SM. The antimicrobial peptide
arenicin-1 also causes ordering of acidic but not zwitterionic lipids in lipid monolayers, as
detected by calorimetry, X-ray scattering and IR spectroscopy [85]. Anionic lipid clustering
is not a universal feature of antimicrobial peptides, and a commonly studied antimicrobial
peptide magainin does not cluster acidic lipids, possibly because of its lower positive surface
charge density [83], but this peptide also penetrates into the hydrophobic membrane core
[87]. A general mechanism for the membrane destabilizing effect of antimicrobial factors
has not been unambiguously determined, and it is likely that multiple mechanisms exist.
However, the general need to interact with multiple anionic lipids and the resulting lateral
aggregation and induction of pores or local regions of high curvature [88] are physical
consequences that are likely to have important biological effects. Electrostatic binding and
anionic lipid clustering alone are generally insufficient to produce bacterial killing, and full
length antimicrobial agents combine both the electrostatic effect with structures that
penetrate into the hydrophobic region of the bilayers to generate curvature. Analysis of
many such cationic amphipathic antimicrobial factors suggests that bacterial membrane
destabilization is generated best by agents that create negative Gaussian curvature [88] by a
combination of electrostatic and hydrophobic effects.

Polycationic protein domains organize anionic phospholipids

Clustering of acidic phospholipids can also occur due to the presence of proteins in or near
the membrane bilayer. One class of proteins that is known to attract negatively charged
phospholipids is the inwardly rectifying Kir potassium channels. PtdInsP, appears to be able
to stabilize the open conformation of all known eukaryotic Kir channels, and form stable
contacts with each subunit of the protein tetramer [83] (Figure 6). When PtdA is included in
PtdCho membranes, an intermediate form of the nicotinic acetylcholine receptor, between
the resting and desensitized state, is stabilized and PtdA is required for the receptor to adopt
its native conformation [89]. Several other protein domains are able to bind negatively
charged lipids with varying levels of selectivity. On their own, anionic phospholipids do not
form structures with negative curvature, as this would cause their like-charged head groups
to be packed more tightly, but neutralization by Ca2* or positively charged peptides reduces
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or eliminates the energy barrier [14]. However, PtdGly phospholipids experience strong
repulsion in low ionic strength liquids and can be seen to form structures with positive
curvature that is eliminated in the presence of Na* [90].

The PLCS PH domain binds to PtdIns(4,5)P, with a Ky of 2 pM, effectively clamping the 4-
and 5-phosphates with the positively charged amino groups of two lysines acting as
counterions [91]. ENTH domains also bind Ptdins(4,5)P, using an exposed cluster of lysines
that behave as counterions but do not strongly coordinate the phosphate groups of
PtdIns(4,5)P, [91]. The epsin ENTH domain is specific for Ptdins(4,5)P, as confirmed by
isothermal titration calorimetry; the affinity for Ins(1,4,5)P3 is approximately 3.6 uM [92].
Several epsin ENTH domain are then able to induce curvature, collectively remodeling the
membrane curvature [92, 93]. BAR domains are able to curve membrane bilayers if the
electrostatic attraction energy is greater than the bending energy of the membrane, which
may be about 20 kg T where kg is Boltzmann’s constant [94-96]. Several proteins have PH
domains adjacent to BAR domains, and therefore these two methods could work in concert
to produce local curvature or lateral inhomogeneity in the plasma membrane of cells [94].

The unstructured cationic peptide KKKKKRFSFKKSFKLSGFSFKKNKK derived from the
abundant intracellular Myristoylated Alanine-Rich C Kinase Substrate (MARCKS) is able to
selectively bind PtdIns(4,5)P, in vesicles containing only 1% of the anionic phospholipid
[91], even when another anionic lipid, PtdSer, is also present [97]. Theoretical calculations
show that this clustering results in local enrichment of a phospholipid of valence -4 (e.g.,
PtdIns(4,5)P,) by about 1000 times the bulk concentration [97]. As with antimicrobial
peptides, the binding of the MARCKS peptide to membranes is not exclusively electrostatic
because additional hydrophobic insertion of phenylalanine residues into the membrane is
also important. A requirement for membrane insertion might be related to the finding that
the MARCKS peptide binds anionic phospholipids vesicles of high curvature more strongly
than chemically identical vesicles with a larger diameter (diameter of 30 nm versus 400 nm)
[98], since highly curved vesicles are likely to have less lipid ordering. A relation between
peptide sequences that bind selectively to PtdIns(4,5)P, and antimicrobial peptides is
suggested by the finding that a peptide derived from the PtdIns(4,5)P, binding domain of
gelsolin also exhibits antibacterial function equivalent to that of magainin, even though
bacteria do not express PtdIns(4,5)P, [99].

Electrostatic ordering and membrane curvature at protein/lipid interfaces

In vivo the cell membrane is bent in several ways [108]. A difference in phospholipid
composition between opposite leaflets may create local curvature. The degree to which the
membrane bends is dependent on the size and charge of the opposing lipid head groups, as
well as the degree of saturation of the acyl chains. Membranes can also be bent by forces
arising from inside the cell, for example by the polymerization of actin filaments. Integral
membrane proteins embedded in the phospholipid bilayer can bend the membrane through
one or a combination of distinct methods. Some transmembrane proteins are known the bend
the membrane based solely on their shape, acting as a wedge to induce local deformation
due to an area asymmetry. Integral membrane proteins can also locally thicken (or thin) the
membrane so that the hydrophaobic regions of the phospholipids align with hydrophobic
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sections of the membrane protein. Additionally, some membrane proteins bend the plasma
membrane by acting as a scaffold. The scaffolding creates curvature by conforming the
phospholipid bilayer to the shape of the membrane protein; one face of these proteins
typically carries a positive charge that is electrostatically attracted to the negative surface
potential of the plasma membrane.

Energetics of bending anionic membranes

Physical descriptions of membrane elasticity have been used to inform the energetics of cell
division and red blood cell shape [109, 110]. On length scales much larger than the thickness
of the bilayer, the elastic energy of the membrane can be described by the Canham-Helfrich
Hamiltonian [111], an energy functional that describes the elasticity of a fluid membrane
according to

H={ (%K(QH—H0)2+ K K+U> dA,

where H is the mean curvature of the surface, K is the Gaussian curvature or splay of the
surface, and o is the surface tension of the membrane. xand reare the bending rigidity and
the saddle splay modulus of the membrane respectively. These are material properties of the
membrane and vary with membrane composition. In vitro, the bending rigidity has been
measured to be on the order of x= 20 kgT [112] but also highly dependent on membrane
composition. The saddle splay modulus is topologically invariant and coupled to shape and
size fluctuations of lipid droplets [113] or the stalk energy of budding membranes [111,
114]. The topological invariance of the saddle splay modulus is derived from the Gauss-
Bonnet theorem, which states that this energy term has constant magnitude over a constant
topology. Its magnitude has been measured in simulations and experiments to be on the
same scale as the bending rigidity in a few systems [115-117]. As these theories treat
membranes as a two dimensional fluid, there is no bare surface tension. In reality, the
surface tension of the cell membrane is proportional to the excess area present in either
leaflet, which may vary locally in the cell membrane due to differences in membrane
composition or the presence of membrane proteins.

The bending energy of a charged membrane is greater than that for a neutral membrane
[118, 119] due to the presence of an electric double layer containing the counterions and
then the coions, respectively. The electrostatic contribution to the bending energy depends
on the induced osmotic potential, which in turn depends on the Debye length, the ion
concentrations (number and valence), and the surface potential of the membrane [118]. The
difference in bending energy between a flat, neutral membrane and GUVs containing greater
than 15% PtdSer may be up to 10 kgT, measured through micromanipulation [119].

This mesoscale description of membrane elasticity defines a biophysical energetic penalty to
deform the membrane on length scales larger than ~ 10 nm. Membrane remodeling
processes are known to localize a higher concentration of membrane curvature inducing
proteins to overcome this energy barrier for nucleation of buds or similar morphological
changes. In the case of clathrin-mediated endocytosis many BAR and ENTH domain
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proteins are clustered to the region of the growing clathrin coat [120] and charged lipids, in
turn, localize to the same loci. This curvature generation, in some combination with the
clathrin coat backbone, is thought to overcome this barrier for budding. Several models in
the literature have attempted to highlight the role of protein interactions is stabilizing
curvilinear morphologies in cellular contexts [121, 122]. In the case of cell migration, the
exocyst complex is known to promote nucleation of invadopodia; in particular, high
concentrations of exo70 on the inner-surface of the plasma membrane create outward
pointing tubules [123].

Modeling electrostatic systems

The average charge density of the inner leaflet of a membrane bilayer composed of 20%
negatively charged monovalent lipids is about 1 electronic charge per 300 to 1000 A2 (a
single phospholipid may occupy anywhere from 35 to 100 A2) [124]. The negative surface
charge density produces a negative electrostatic potential that extends immediately adjacent
to the membrane, into the cytosol. Mobile counterions in the cytosol are attracted to the
negative electrostatic potential and reduce the surface charge density to approximately —30
to —60 mV (relative to bulk, where the electrostatic potential is fixed to be zero) [124], given
that the counterions are monovalent and have an average concentration of 100 mM. The
concentration of counterions at the surface of the membrane may be an order of magnitude
greater than in the bulk phase (similarly, the concentration of coins may be an order of
magnitude lower than bulk), and therefore, the local pH at the membrane interface may be 1
pH unit lower than in bulk [124, 125]. The distribution of ions away from the membrane can
be predicted based on a number of theories. One popular theory, the Debye-Hiickel
expression for the electrostatic potential as a function of the distance from the membrane
surface, falls off proportional to the exponential Debye length (which takes into account the
permittivity, valence, and concentration of the counterions in the bulk phase); this is
essentially a version of Coulomb’s law which includes an additional screening term due to
the ionic strength of the aqueous phase. Regardless of which approximation is included, all
of the theories must effectively balance the attraction due to electrostatics and randomly
oriented diffusion, which will smear out the counterion cloud.

As discussed above, the attraction between Ca2* and PtdSer is largely dominated by the
electrostatic potential of the surface [16]. PtdA is also capable of binding to Ca%* or Mg?*
[49], with Ca?* exerting a greater effect on PtdA compared to Mg2* [20, 101-104]. These
quantities can be measured through the drop in surface pressure of a phospholipid
monolayer at the air/liquid interface upon addition of counterions (generating a Langmuir
isotherm). The drop in surface pressure occurs concomitantly with a change in the surface
“texture” of the phospholipid film, corresponding to various levels of gelation. As the
concentration of CaZ* in the aqueous phase increases, the gel phase domains increase in size
and irregularity; the gel phase domains have excess charge density and repel each other with
such energy that they are capable of forming a Wigner lattice (the lowest energy spatial
configuration of negatively charged particles in a positive electrostatic potential such that
the Coulombic interactions dominate the kinetic energy) [49]. At pH 6, raising the Na*
concentration in the aqueous phase in contact with a PtdA monolayer increases the
electrostatic forces, whereas Ca2* is able to reduce them (Figure 7). This finding is
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consistent with the observation that Ca2* is able to induce a strong condensing effect on
charged monolayers containing Ptdins(4,5)P, but Na* is not and can even weakly increase
the area of the monolayers containing PtdA [126] or Ptdins(4,5)P, [27, 52]. The expanding
effect of monovalent counterions is based on their augmentation of acidic lipid
deprotonation, which leads to greater electrostatic repulsion in the plane of the membrane
that more than compensates the increased screening effect of the counterions [52, 126].

All-atom classical MD simulations of PtdSer membranes with either Ca2* or Mg2* show
penetration of the divalent counterions into approximately the same plane as the PtdSer head
group [127]. Both counterions become partially dehydrated, with anionic oxygen atoms
from the PtdSer molecules present in the first solvation shell; in the case of Ca2*, three
water oxygen atoms are replaced by four PtdSer oxygen atoms [127]. In the most dominant
modes of binding to PtdSer, Ca%* ions tend to be coordinated by both phosphate oxygen
atoms and carboxyl oxygen atoms whereas Mg2* ions are seen to be coordinated by either
phosphate oxygen atoms or carboxyl oxygen atoms, but not both [127]. These effects are
difficult to capture in theories that only consider purely electrostatic mechanisms of
attraction between counterions and charged membranes.

A more detailed theoretical treatment of counterion adsorption can be accomplished by
combining a Langmuir isotherm with the Gouy-Chapman theory, which predicts that the
surface potential adjacent to a charged membrane falls more sharply than the Debye-Hiickel
theory for potentials larger than 25 mV [15]. If membrane bilayers contain less than 11%
monovalent acidic phospholipids in a cluster, then the =25 mV electrostatic equipotential
surface is roughly the shape of a dome centered around the negatively charged lipids and can
be modeled accurately using Debye-Hiickel theory using twice the total negative charge
[88]. However, if the membrane contains between 11% and 25% acidic phospholipids, such
as the mammalian plasma membrane, then the =25 mV electrostatic equipotential surface is
roughly flat, following along the length of the inner leaflet of the membrane and agrees with
Gouy-Chapman theory [88].

These theories have been used to compute the interaction energy between positively charged
peptides, such as polylysine, and vesicles containing acidic phospholipids. Assuming the
binding is primarily driven by electrostatics, an energy minimum occurs when the peptide is
2.5 A away from the negatively charged lipids, such that there is a layer of water between
the two [128].

It should however be recognized that mean-field theories may not present the complete
picture in all scenarios. In a recent study, it was shown that divalent ion interaction with
PtdIns(4,5)P, can be coupled with electronic structure rearrangements leading to proton
association/dissociation as well as intra-molecular proton transfer [48] and the chemical and
electrostatic environment gets significantly perturbed owing to such rearrangements, which
may have a direct bearing on clustering as well as protein recruitment.

The first molecular dynamics (MD) simulation of the interaction between the protein
gelsolin and PtdInsP, revealed that a small group of four PtdinsP, molecules protruded from
the membrane and subsequently were able to form hydrogen bonds with the protein [80].
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Further work found that three PtdInsP, molecules, when set to a charge of -5, were able to
form long-lived hydrogen bonds with 13-mer of lysine over a 20 ns simulation, and this did
not occur with PtdSer [81]. A 5-mer of lysine corresponding to the first five residues of the
MARCKS peptide is capable of forming domains enriched in PtdSer and PtdInsP, [129].
This effect can be modeled by assuming that domain formation minimizes a free energy that
is composed solely of a mixing energy (between zwitterionic or neutral species and acidic
phospholipids) and an electrostatic term, based on Gouy-Chapman theory. Mixed PtdCho
and PtdSer bilayers were simulated in the presence of varying amounts of Ca2* and varying
concentration of PtdSer [130]. A single Ca?* is capable of coordinating PtdSer and water in
the stoichiometric ratio of 1:2:4, reduce the area per molecule, slightly increase the thickness
of the bilayer, and contribute to dehydration of the membrane interface.

To investigate calcium-induced phase separation of PtdInsP,, numerical simulations of
charged and neutral spheres were performed [44]. Anionic lipids were represented by
negatively charged spheres, while zwitterionic and neutral lipids were represented by
uncharged spheres; mobile counterions were modeled by smaller positively charged spheres.
While the lipids were confined to a plane, the counterions were free to diffuse in three
dimensions. Monovalent ions were not able to form domains or clusters, whereas divalent
ions were able to induce cluster formation given the charge of the negative spheres
(representing PtdInsP,) was less than or equal to —2. The ability to induce clusters decreases
with increasing counterion size, also confirming the experimental finding that magnesium is
weaker at forming clusters [17]. A more recent simulation employing quantum-level
calculations demonstrates that physiological PtdInsP, carries a charge of -4 and calcium is
able to bind tightly, becoming partially dehydrated [48].

MD simulations have also confirmed that monolayers and bilayers of PtdA strongly interact
with the divalent counterion Ba2*, which was used instead of the more physiological
divalent counterion Ca2*, to aid in comparison with experimental data [51]. In monolayers
of PtdA with dimyristoyl acyl chains (DMPA), Ba2* counterions penetrate the surface of the
membrane, judged relative to the position of the PtdA phosphate group. Each Ba2* ion can
interact with up to four DMPA molecules defined by the presence of an anionic DMPA
oxygen atom in the first solvation shell of a Ba2*. Next to the Ba2* counterions (the Stern
layer) is a layer of negative CI~ coions forming a diffuse double layer. This effect is also
seen qualitatively in simulations of PtdInsP, (D.R.S. unpublished work). However, the total
positive charge in the Stern layer (from the Ba2* counterions) adjacent to DMPA molecules
carrying a negative charge of —2, exceeds the negative charge of the membrane and thus, the
net charge of the interface has become positive (overcharged or charge inversion). This
result has been confirmed through X-ray reflectivity of PtdA monolayers in the presence of
both divalent and trivalent counterions [100]. The X-ray reflectivity data also suggest,
however, that there are more Ca2* ions than Ba2* ions per DMPA, owing to the very
different electronic structure of the two ions.

Simulations of a coarse-grained model of PtdInsP, interacting with Kir (see Figure 6) found
stable contacts between a single PtdInsP, residue and each subunit of the tetrameric protein
[83]. For PH domains, which contain positively charged arginine and lysine to coordinate
the phosphate groups of PtdInsP, [131], the presence of PtdInsP, in a PtdCho bilayer with
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mobile Na* was demonstrated to increase the number of lipid-protein contacts [132]. A
simulation of the N-terminal helices of the BAR (Bin, Amphiphysin, Rvs) domains showed
coordination of protruding PtdInsP, by positively charged amino acids of the protein, even
in the presence of another anionic phospholipid, PtdSer.

Conclusions

Anionic phospholipids that carry a net charge that ranges from -1 to up to =5 or more are
found on the inner plasma membrane in mammalian cells and in other intracellular
membrane compartments. The distribution of anionic phospholipids is nonrandom; while
proteins establish an asymmetric distribution of anionic phospholipids across the plasma
membrane, physiological counterions in the form of monovalent and divalent metal ions,
and polyamines organize the lateral structure of anionic phospholipids. Positively charged
protein domains are nonspecifically attracted to regions of increased negative surface charge
density and some protein domains specifically coordinate the phospholipid head groups with
basic amino acids. These electrostatic effects may lead to the stabilization of small regions
in the membrane where the concentration of anionic phospholipids is orders of magnitude
higher than the bulk concentration. Models ranging from continuum mechanics to atomistic
molecular dynamics simulations have been able to capture aspects of this process across a
huge range of length and time scales, shedding light on the formation of lateral demixing of
anionic phospholipids that might occur in biological systems and what factors might
stabilize them.
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Figure 1.
The structure of several common mammalian phospholipids that can be found in the plasma

membrane along with their charge ranges under physiological conditions. The length and
level of saturation in the hydrocarbon acyl chains, denoted R and R», varies depending on
head group, location in the cell, and other factors.
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Outer leaflet

Inner leaflet

Figure 2.
A simplified representation of a typical mammalian membrane bilayer composition

highlighting common lipid families. Cholesterol is shown on both sides of the bilayer, while
the extracellular facing leaflet is shown containing PtdCho (grey); the cytosolic leaflet is
shown containing negatively charged PtdSer (orange) and PtdIns(4,5)P5 (red) together with
the zwitterionic PtdEtn (cyan). The total amount and ratio of lipid species in various cell
types can be found in several sources, including [1-3].
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Figure3.
The formation of PtdInsP; clusters in both cell and model membranes. (A) Nanoscale-

resolution STED image of a membrane sheet of PC12 cells immunostained with a
monoclonal PtdInsP, antibody and a secondary antibody labeled with Alexa Fluor 488. (C)
The formation of PtdInsP, clusters in supported lipid monolayers containing 10 mol%
PtdInsP, in background PtdCho (DOPC) at the presence of 1 uM Ca?*. Buffer: 10 mM
HEPES, 5 mM DTT, pH 7.4 at room temperature. (B) & (D) The corresponding size
distribution of PtdInsPo-rich clusters from images (A) & (C), respectively. (E) Fluorescence
micrographs of a PC12 membrane sheet stained with PH-GRP1 genetically fused to
mCherry which shows the clustering of PtdInsP3 in the plasma membrane. (F) SFM image
of a PtdCho/PtdSer (POPC/POPS) (4:1) supported lipid bilayer prepared by vesicle
spreading onto a mica surface. (G) Magnification of POPS-enriched microdomains. Image
(A) and (B) are reprinted by permission from Macmillan Publishers Ltd: Nature 2011, 479,
552-555, copyright 2011. Image (C) and (D) are reprinted with permission from Journal of
the American Chemical Society, 2012, 134, 3387-3395. Copyright 2012 American Chemical
Society. Image (E) is reprinted with permission from Neuron 2013, 77, 1097-1108.
Copyright 2013 Elsevier. Image (F) and (G) are adapted with permission from Biochemistry
2005, 44, 15296-15303. Copyright 2005 American Chemical Society.
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Figure 4.
Ca?* and Mg?* induced cluster formation of PtdInsP, in model membranes. Projections of a

stack of images taken by confocal microscopy at different height of GUVs in the glucose
buffer (A) with 90 uM CaZ* ; (B) with 90 uM Mg?*. Lipid composition of the vesicle:
DOPC/Chol/PtdInsPo/FL-PtdInsP, = 80/15/4.9/0.1. AFM micrographs of divalent cation-
induced PtdInsP, cluster formation in supported lipid monolayers in the presence of (C)
1mM Ca?* and (D) 1mM Mg?2* at a low ionic strength buffered at pH 7.4. Lipid composition
of the monolayer: PtdInsP,/DOPC = 50/50. Image (A) and (B) are adapted with permission
from Biophysical Journal, 2008, 95(9), 4348-4360, Copyright 2008 Elsevier. Image (C) and
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(D) are reprinted with permission from Journal of the American Chemical Society, 2012,
134, 3387-3395. Copyright 2012 American Chemical Society.
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Fluor-PtdinsP: in PAA-PBD: PEO-PBD

Figureb5.

(A) The formation of domains in a GUV containing a negatively charged copolymer,
poly(acrylic acid) poly(butadiene) (PAA-PBD), mixed with a neutral copolymer,
poly(ethylene oxide) poly(butadiene) (PEO-PBD), after the addition of divalent metal ions.
(B) Fluorescence images of a negatively phospholipid, PtdInsP, (green domains), demixing
with PAA-PDB from PEO-PDB (red background). (C) In rod-like micelles, the demixing
happens in stripes that do not merge or coarsen, possibly due to the entropic cost of reducing
the free volume of the counterions. Panels (A) through (C) are reprinted by permission from
Macmillan Publishers Ltd: Nature Materials 2009, 8, 843-849, copyright 2009.

Adv Colloid Interface Sci. Author manuscript; available in PMC 2015 March 23.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Slochower et al.

Page 29

Kir potassium channel
Ptdins(4,5)P2

PtdIns(4,5)P2
positions

Figure®6.
The position of four individual PtdIns(4,5)P, phospholipids interacting with a bacterial Kir

channel over the course of a 0.5 us simulation, with each sphere of a single color indicating
the position of a single PtdIns(4,5)P, molecule at a given time step. Reprinted (adapted)
with permission Stansfeld, P.J., et al., PIP(2)-binding site in Kir channels: definition by
multiscale biomolecular simulations. Biochemistry, 2009. 48(46): p. 10926-33. Copyright
2009 American Chemical Society.
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Figure7.
Domain shapes observed in phospholipid monolayers of PtdA. Increasing sodium

concentration leads to more “chaotic” or dendritic” patterns whereas increasing calcium
concerntration leads to more circular domain patterns. Reprinted (adapted) with permission
Ldsche, M. and H. Méhwald, Electrostatic interactions in phospholipid membranes: 11.
Influence of divalent ions on monolayer structure. Journal of Colloid and Interface Science,
1989. 131(1): p. 56-67. Copyright (1989) Elsevier B.V.
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Table 1

A summary of selected counterion-mediated effects on negatively charged phospholipids and polyelectrolytes.
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Substrate Charge Counterion Pattern formation? References
Ca?* Clusters and domains [17, 20, 22, 27, 34, 38, 41—
44]

Mg2* Clusters at high concentration or high [17, 41, 43, 44]

PtdInsP, charge
PtdInsP, -3to -7

Zn?* Weak ability to cluster [17]

Polyamines Weak or no ability to cluster [17, 58-64]

Various protein domains Clusters and co-localization in cells [83, 91-93]

Ca?t Phase demixing [20, 24, 40, 50, 51, 55, 78,

100, 101]
Mg?* Increased ordering, increased phase [20, 101-104]
PtdA -1to -2 transition temperature, and vesicle fusion at

higher concentrations

Polycationic amphipathic peptides | Proposed to cluster based on theoretical [81, 105-107]
calculations

Mg?* Increased ordering [20, 39, 40]

PtdSer -1
Ca%+ Phase demixing [20, 39, 40]
PAA-PDB | Multivalent | Ca?*, Cu?* Vesicle fusion, striped patterning in micelles | [76, 77].
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