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ABSTRACT: We propose a model describing the phase behavior of two-component membranes consisting of binary mixtures
of electrically charged and neutral lipids. We take into account the structural phase transition (main-transition) of the
hydrocarbon chains, and investigate the interplay between this phase transition and the lateral phase separation. The presence of
charged lipids significantly affects the phase behavior of the multicomponent membrane. Due to the conservation of lipid
molecular volume, the main-transition temperature of charged lipids is lower than that of neutral ones. Furthermore, as compared
with binary mixtures of neutral lipids, the membrane phase separation in binary mixtures of charged lipids is suppressed, in
accord with recent experiments. We distinguish between two types of charged membranes: mixtures of charged saturated lipid/
neutral unsaturated lipid and a second case of mixtures of neutral saturated lipid/charged unsaturated lipid. The corresponding
phase behavior is calculated and shown to be very different. Finally, we discuss the effect of added salt on the phase separation
and the temperature dependence of the lipid molecular area.

1. INTRODUCTION like (Ly) and liquid-like (L,) phases. This phase separation can
be directly visualized by fluorescence microscopy, which
demonstrates that the solid-like L; domains exhibit various
anisotropic shapes.''~'* The resulting phase diagrams of

Biomembranes are composed of various components such as
phospholipids, sterols, and proteins, and are believed to have
compositional heterogeneities. In multicomponent membranes,

regions or domains enriched in saturated lipid and cholesterol different binarly Ilnixtures have been experimentally explored
are called “rafts”, and are thought to play an important role in in great detail,"*”"* and have })een quantitatively reproduced in
various biocellular functions, such as signal transduction and several theoretical works."”™’ In particular, in models
membrane trafficking."”” Artificial bilayer membranes composed proposed by some of the present authors,'”**** a coupling
of several phospholipids and cholesterol have been used as between the membrane composition and its internal structure
typical model systems for biomembranes. Phase separation in was suggested in order to consider the interplay between the
such model membranes has been widely investigated in order phase separation and the chain phase transition (main-
to understand the mechanism of raft formation.” Considerable transition). In these experimental and theoretical studies,
effort has been given to ternary systems composed of saturated however, the lipids were taken to be electrically neutral.
lipid, unsaturated lipid, and cholesterol, where it is known that
4on‘1a1ns enriched in s.aturated hPId and cholester.ol fo'rm. a Special Tssue: William M. Gelbart Festschrift
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Figure 1. Schematic illustration of two-component membranes. (a) A
neutral membrane consisting of a binary mixture of neutral saturated
(NS) and neutral unsaturated (NU) lipids. (b) A charged membrane
consisting of a binary mixture of charged saturated (CS) and neutral
unsaturated (NU) lipids. (c) A charged membrane consisting of a
binary mixture of neutral saturated (NS) and charged unsaturated
(CU) lipids.

Since a certain amount of charged lipid is always present in
organelles such as mitochondria and lysosomes,”* electrostatic
interactions are significant in biomembranes. Recently, several
experiments have investigated the phase separation of multi-
component lipid mixtures containing at least one type of
charged phospholipid.”®~* In binary mixtures of neutral
saturated lipid and negatively charged unsaturated lipid, the
phase-separated region was suppressed as compared with the
case when both lipids are neutral. This phase-separated region
reappears when salt (e.g,, NaCl), which screens the electrostatic
interactions, was added. This is a strong indication that the
electrostatic interaction affects the phase behavior. Although
such behavior has been qualitatively explained by phenomeno-
logical models using the Poisson—Boltzmann (PB)
theory,”>*"** the structural phase transition (the main-
transition) of the membrane was not considered.

In membranes composed of binary mixtures of neutral and
charged lipids, either the saturated or unsaturated lipids can be
charged. Hence, it is convenient to define two types of charged
membranes: (i) mixtures of charged saturated (CS) and neutral
unsaturated (NU) lipids (denoted as CS/NU, see Figure 1b)
and (ii) mixtures of neutral saturated (NS) and charged
unsaturated (CU) lipids (denoted as NS/CU, see Figure 1c). In
recent experiments by Himeno et al,,”” it was reported that the
phase separation was suppressed in the NS/CU lipid mixture as
compared with the neutral membrane (NS/NU as in Figure
la), while it was enhanced in the CS/NU case. This result
indicates that the phase behavior of charged membranes is very
different between these two types of charged mixtures.

Being motivated by this experimental work, we consider in
this paper charged membranes, and propose a phenomeno-
logical model that distinguishes between the above-mentioned
two cases. In particular, we discuss the interplay between the
main-transition and the lateral phase separation between the
two lipid species. The main-transition of lipid chains is taken
into account by extending the model of Goldstein and
Leibler’** to include electrostatic interactions using the PB
theory.”>*® Furthermore, we employ the constraint of constant
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molecular volume of the lipids, which leads to a coupling
between the electrostatic interactions and the lipid lateral phase
separation. We calculate the different phase diagrams of
charged membranes by changing the interaction between the
two lipids and/or by changing the amount of added salt. We
also explain the different combination of hydrocarbon
saturation and headgroup charge (either CS/NU or NS/CU
as were defined above). On the basis of the calculated phase
diagrams, we discuss the main-transition temperature, and the
effect of added salt in a binary mixture of charged/neutral
lipids.

In the next section, we explain the model by Goldstein and
Leibler, the phase separation, and the PB theory. In section 3,
we show the calculated phase diagrams and investigate the
effects of the interaction between the two lipids, salt
concentration, and combination of the lipids (either CS/NU
or NS/CU) on the phase separation. Moreover, we explore
how the molecular area changes and its dependence on the
added salt. Finally, we offer a qualitative discussion in section 4
and some concluding remarks in section 5.

2. MODEL

In order to calculate the phase diagrams of binary mixtures of
charged lipid membranes, we consider a model that takes into
account both the lipid main-transition and the lateral lipid
phase separation. For simplicity, we consider a perfectly flat
membrane ignoring any possible out-of-plane membrane
undulations. To avoid further complexity, we do not consider
any specific bilayer attributes such as asymmetric lipid
composition between the two leaflets, or ionic strength
difference between the electrolytes in contact with the two
sides of the membrane. Therefore, our model describes the
phase behavior of an isolated symmetric bilayer.

2.1. Two-Component Neutral Membranes. On the basis
of the Goldstein—Leibler model,**>* we first review the free
energy of a single-component neutral lipid membrane, which
leads to the main-transition. The main-transition involving the
chain ordering and stiffening is described via a scalar order
parameter

55
=5

m

(1)

where 6 is the actual membrane thickness and &, a reference
membrane thickness in the L, phase. Notice that m represents
the changes that may occur in several degrees of freedom,
including the conformation of the hydrocarbon chains, their
interchain correlations, molecular tilt, and positional ordering.
For an isolated lipid bilayer, a Landau expansion of the
stretching free energy per lipid molecule in powers of the order
parameter m is given by

’

f.(m) = Q(T - T¥)m* + B+ Bt
N 2 3 4 (2)
where a; > 0, a; < 0, and a, > 0 are phenomenological
coefficients. Here a3 is taken to be negative, since the main-
transition is a first-order transition,'® while a, is always positive
to ensure thermodynamical stability. In the above, T is the
temperature and T* is a reference temperature. The main-
transition temperature is different from T* and is denoted by
T#*. It can be calculated from the conditions f, = 0 and
df,/dm = 0, yielding
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Note that the main-transition temperature described by eq 3 is
appropriate only for neutral lipids.

Next, we describe the phase separation in membranes
containing a binary mixture of neutral saturated (NS) and
neutral unsaturated (NU) lipids, as shown in Figure la. We
model the two-component membrane as an incompressible
NS/NU lipid mixture containing ¢ molar fraction of NS lipid
and 1 — ¢ molar fraction of NU lipid. (Throughout this paper,
¢ denotes the molar fraction of saturated lipid.) For simplicity,
we assume the same area per molecule for the two species in
the L, phase and ignore any lipid exchange with the
surrounding solvent. The mixing free energy (per lipid
molecule) consists of the mixing entropy and enthalpy. It can
be expressed within mean-field theory as

fox (@) = kTP In g + (1 — $) In(1 — ¢)]

J
+ S0 - 9) @
where kg is the Boltzmann constant and J > 0 is an attractive
interaction parameter between the lipids, which enhances the
NS/NU demixing.

In general, the two lipids have different main-transition
temperatures originating from different molecular parameters
such as their chain length, degree of saturation, and hydrophilic
headgroup. The dependence of the main-transition temperature
on the composition ¢ cannot be calculated from such a
phenomenological approach. Therefore, we proceed by further
assuming the simplest linear interpolation of T* as a function of

¢
T*($) = ¢T + (1 = )T ()

where T¢ and T are the reference temperatures of pure NS
and NU lipids, respectively. In general, saturated lipids have
higher transition temperatures than the unsaturated ones,
TE* > T, for the cases when the numbers of hydrocarbons in
the lipid tails are the same. Therefore, we generally use
TF > TE.

By combining eqs 2 and 4, we obtain the total free energy of
a neutral NS/NU membrane

Frs (10 8) = £, (m, &) + £, (&) ©
This total free energy will be minimized with respect to both m
and ¢ to obtain the phase behavior of a neutral membrane.

2.2. Electrostatic Free Energy of a Charged Mem-
brane. In what follows, we extend the above model for the case
of membranes consisting of a binary mixture of charged and
neutral lipids. In order to estimate the electrostatic interactions
in membranes at a fixed surface charge density (chosen to be
negative throughout this paper), 6 < 0, we obtain the free
energy of a charged membrane on the basis of the PB
theory.*>°

As shown in Figure 2, we consider a flat charged lipid bilayer
that lies at z = 0. The bilayer is in contact with a monovalent
salt solution located at z > 0. We assume that the two leaflets
constituting the bilayer do not interact with each other. Within
a mean-field treatment, the electric potential ¥(z) satisfies the
PB equation
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Figure 2. Schematic representation of the electrostatic potential of a
two-component charged membrane consisting of charged saturated
(CS) and neutral unsaturated (NU) lipids. The lipid head groups are
located at the plane z = 0. The dimensionless electrostatic potential in
solution is y(z) = e¥/kyT, and y, = w(z = 0) is the surface potential at
the membrane. The dielectric constant of water solution is &,.

B

w

(7)

where ¢ is the elementary charge, n, the salt concentration in
the bulk, and &, the dielectric constant of water. Using the
dimensionless electric potential y = e¥/kyT, we obtain the
following dimensionless PB equation

(8)

where k' = |/, kyT/2¢°n, is the Debye screening length. Far

from the membrane, the bulk electric potential should vanish,
ie, w(z & o) = 0. With the use of the Gauss law, the
boundary condition at the membrane (z = 0) is

dy
Ydz

©)

Under these boundary conditions, the dimensionless electric
potential y(z) can be obtained®*™*” by integrating twice eq 8

z=0

1 + T exp(—kz)
=2p———"F+ ™%/
v =2 1 — T exp(—kz) (10)
where
_exp(y/2) — 1
exp(y/2) + 1 (11)

Here y, = y(z = 0) is the dimensionless surface potential given

by
) = =2 sinh_l(i)
bk (12)

where 7y = ¢*/4ne kT is the Bjerrum length and b = e/2al3lol
is the Gouy—Chapman length.

The electrostatic free energy per ligid molecule can be
calculated from the charging method®””

2rlyo
=2 sinh_l(—B
% ex

kTS o
d ’ ’
e A Yo ) (13)

where X is the cross-sectional area per lipid. By substituting the
surface potential, eq 12, into eq 13, we obtain the expression

falo) =
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2.3. Two-Component Charged Membranes. In the case
of membranes consisting of a binary mixture of charged
saturated (CS) and neutral unsaturated (NU) lipids, the surface
charge density, o < 0, is related to the CS molar fraction, ¢, by

(13)

As illustrated in Figure 3, we further assume that the lipid
molecular volume, v = 26, is conserved and stays constant at
any temperature. From eq 1, the cross-sectional area X is
related to the order parameter, m, by

T = Zo
1+ m

(16)

where X is the cross-sectional area of a neutral lipid in the L,
phase. By substituting back eqs 15 and 16 into eq 14, f, can be
written as

1= 1+ [pp(1 + m)P
pp(1L + m)

£,(m, ¢) = 2k,T4h

+ ln(p¢(1 +m) + \/1 + [pp(1 + m)]z)
(17)

where p = 27/3/2 K is a dimensionless parameter.

The total free energy of the CS/NU membrane is finally
given by

fCS/NU (m, ) :fst (m, ) +fmix (#) +fel (m, ¢) (18)

On the other hand, when the membrane consists of neutral
saturated (NS) and charged unsaturated (CU) lipids, the total
free energy of an NS/CU membrane becomes

fasycu (o @) = f,(m, ) + f . (d) + f,(m, 1 — ¢)
(19)

Note that the only change between the two cases, eqs 18 and
19, is that ¢ < 1 — ¢ in the electrostatic free energy. The
phase behavior of two-component charged membranes in these
two cases is analyzed using either eq 18 or 19.

2.4. Equilibrium Phase Behavior. Since the electrostatic
free energy described by eq 17 depends on the order parameter
m, the main-transition temperature of a pure charged lipid
(either CS or CU) is different from eq 3. Instead, it is given by
the following conditions

S myy 1)+ fo (mg, 1) = (g, 1) + £, O 1) (20)
a(fst +fel) — a(fst +fel) =0
om om
m=my m=m, (21)
For lipid mixtures, the chemical potential y is given by
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L, phase

Figure 3. Schematic illustration of molecular volume conservation.
The molecular area is indicated by a gray square, and the molecular
volume is enclosed by the dashed lines. We assume that the molecular
volume v is conserved, v = ;54 = £, for all the temperatures. The
larger the membrane thickness &, the smaller the molecular area X.

ftot
p=—=
m=m* (22)

where f, is taken either from eq 6 for neutral membranes or
eqs 18 and 19 for the two cases of charged membranes. The
optimal order parameter, m*, is obtained by minimizing the
total free energy with respect to m, df.,/0ml,,_,.« = 0.

As the lipid molar fraction ¢ is a conserved quantity, it is
convenient to introduce another thermodynamic potential
given by

g(p) =f  (m=m* ¢) — u¢

The two-phase coexistence region in the (T, ¢) plane is
calculated by using the common tangent construction to
account for the constraint value of the molar fraction ¢. In
other words, the two-phase coexistence has to satisfy the
conditions g(¢;) = g(¢h,) and u(¢p,) = p(¢,), where the slope
of the common tangent is equal to the chemical potential. From
the coexisting two points in the (T, ¢) plane, we can also
construct the phase diagram in the (T, u) plane. The Ly phase
is characterized by positive m values, while its value in the L,
phase becomes negative.

(23)

3. RESULTS

Having described our model in the previous section, we present
the resulting phase diagrams and the temperature dependence
of the molecular area. First, we show the phase diagrams for the
neutral membrane case. This calculation essentially reproduces
the theoretical results of refs 19 and 20. Then, the phase
diagrams for charged membranes will be presented.

3.1. Choice of System Parameters. As examples for
typical neutral saturated (NS) lipids and neutral unsaturated
(NU) lipids, we consider, respectively, dipalmitoylphosphocho-
line (DPPC) and dioleoylphosphocholine (DOPC), whose
main-transition temperature is T¢* = 41 °C and T#* = =20 °C,
respectively. From eq 3, the reference temperature of NS and

Table 1. Parameter Values of the Model

parameter value unit
a, 2.4 x 107 J/K (Ref 34)
a; —1.1 x 1078 J (Ref 34)
a, 22 x 1078 J (Ref 34)
T¥ -10 °C
T -71 °C
% 65 A?
e, 7.08 x 10710 F/m

DOI: 10.1021/acs.jpcb.6b03102
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Figure 4. Phase diagrams of a neutral NS/NU membrane as a function of the molar fraction, ¢, of the NS lipids, and temperature, T, reproducing the
theoretical results of refs 19 and 20. The attractive interaction parameter J is chosen to be 1.2 X 1072° J in part a and 1.8 X 107 J in part b. The
other parameters are listed in Table 1 and are mentioned in the text. The critical point located at (¢, T..) = (0.5, 53 °C) in part b is indicated by a
filled circle. The horizontal dashed lines at T = —19.2 °C in part a and T = —19.7 °C and T = 36.4 °C in part b indicate a three-phase coexistence

(triple point).
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Figure S. Phase diagrams of a neutral NS/NU membrane as a function of the chemical potential, 4, of the NS lipids and temperature T. The
attractive interaction parameter J is chosen to be 1.2 X 1072° J in part a and 1.8 X 107 J in part b. The other parameters are listed in Table 1 and
mentioned in the text. The critical point located at (4., T.) = (0], 53 °C) in part b is indicated by a filled circle. The filled squares located at (u, T) =
(—144 x 107° J, =192 °C) in part a and (—1.45 X 107 J, —=19.7 °C) and (0 J, 36.4 °C) in part b indicate the triple points.

NU lipids is set as T§ = —10 °C and T{ = =71 °C, respectively.
The molecular area of the neutral lipid in the L, phase is fixed
to ¥y = 65 A% The interaction parameter is J = 1.2 X 107 or
1.8 X 107 J as considered before,"”**** and the bulk salt
concentration is chosen either as n, = 1 M or 10 mM. All the
parameters and physical constants used in our calculations are
summarized in Table 1.

3.2. Two-Component Neutral Membranes. For the NS/
NU membrane, the total free energy is given in eq 6. As
mentioned before, the NS lipid (whose molar fraction is ¢b) has
a higher main-transition temperature than that of the NU lipid.
Following the previous theoretical studies,"”*’ we reproduce in
Figures 4 and § the phase diagrams of two-component NS/NU
neutral membranes in the (T,¢) and (T,u) planes,
respectively. Figures 4a and Sa are calculated for |
1.2 X 107 J, while Figures 4b and Sb are obtained for |
1.8 X 1072° J. The main-transition temperature of NS (¢ = 1)
and NU (¢ = 0) lipids is T#* = 41°C and T3* = —20°C,
respectively. As shown in Figure 4a, we obtain three two-phase
coexistence regions denoted by L, + Lgl), L, + LY, and L{V +
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L};Z), and in Figure 4b, there are five two-phase coexistence
regions indicated by L,(,l) + L((lz), L,(,l) + L};l), L,(ll) + L}”, L&z) +
L};Z), and LY + L};Z). As discussed before,"”*° the phase-
separated region is more extended when the interaction
parameter ] is larger.

3.3. Two-Component Charged Membranes. Next, we
calculate the phase diagrams for two-component charged
membranes. We first consider the charged saturated/neutral
unsaturated (CS/NU) (Figure 1b) lipid mixtures whose total
free energy is given by eq 18. In Figures 6a and 7a, we show the
calculated phase diagrams for J = 1.2 X 107° Jand n, = 1 M,
recalling that ¢ is the molar fraction of the CS lipids. The main-
transition temperature of the CS lipid is calculated numerically
from eqs 20 and 21, yielding T§* ~ 29 °C. On the other hand,
the main-transition temperature of the NU lipid is T{*
—20°C, as before. In this phase diagram, there is only one
coexistence region between the L, and Ly phases.

In Figures 6b and 7b, we obtain the phase diagrams for | =
1.8 X 1072° J, while the other parameters are the same as those
in Figures 6a and 7a. The main-transition temperatures of the

DOI: 10.1021/acs.jpcb.6b03102
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Figure 6. Phase diagrams of two-component charged membranes as a function of the molar fraction, ¢, of saturated lipid (either CS or NS) and
temperature T. (a) CS/NU membrane with ] = 1.2 X 107 J and n, = 1 M; (b) CS/NU membrane with J = 1.8 X 1072 J and n, = 1 M; (c) CS/NU
membrane with ] = 1.2 X 1072 J and n,, = 10 mM; and (d) NS/CU membrane with J = 1.2 X 107 J and 1, = 1 M. The other parameters are listed
in Table 1 and are mentioned in the text. The horizontal dashed lines located at T = —15.3 °C in part b and T = —28.0 °C in part d indicate the

three-phase coexistence (triple point).

two lipids are unchanged, because the conditions in eqs 20 and
21 are independent of the interaction parameter J. In this case,
there are three two-phase coexistence regions denoted by L, +
L, L, + LY, and L§) + LY.

In order to further explore the effect of electrostatic
interaction in CS/NU mixtures, we looked at the case of
lower salinity. Figures 6¢c and 7c are the phase diagrams
corresponding to the low salt case of n, = 10 mM. The other
parameters are the same as those in Figures 6a and 7a. The
main-transition temperature of the CS lipid is now T§* ~
23°C, while that of the NU lipid is unchanged (T%* =
—20 °C). In this case, there is only one two-phase coexistence
region between the L, and Ly phases.

Finally, we show in Figures 6d and 7d the phase diagrams for
the neutral saturated/charged unsaturated (NS/CU) lipid
mixtures whose total free energy is given by eq 19. Notice
that the molar fraction ¢ refers here to that of the NS lipids.
The other parameters, ] and ny, are the same as those in Figures
6a and 7a. The main-transition temperature of the NS lipid is
TE* = 41 °C, and that of the CU lipid is decreased to T{™* =~
—30°C. There are three two-phase coexistence regions
denoted by L, + L}l), L, + L},Z), and L;I) + L}fz).

The phase behavior of two-component membranes depends
on various quantities such as the interaction parameter J, the
salt concentration n,, and whether the lipid is charged or
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neutral. Due to the lipid volume conservation, the main-
transition temperature of the charged lipid (either CS or CU) is
reduced as compared with that of the neutral counterpart.
These findings will be further discussed in section 4.

3.4. Molecular Area in Charged Membranes. In Figure
8, we show the temperature dependence of the molecular area,
2, which is calculated from the optimal order parameter, m*,
and eq 16. For the CS/NU mixture, the molar fraction ¢ of the
CS lipid is varied, and the salt concentration is either n, = 1 M
(high salt) or 10 mM (low salt), as shown in Figure 8a and b,
respectively. In Figure 8c, we show the molecular area of the
NS/CU mixture for n, = 1 M. Since X is independent of the
interaction parameter ], the calculation in Figure 8a has been
used in generating Figure 6a and b. Similarly, the calculated X
values shown in Figure 8b and ¢ were used to obtain Figure 6¢
and d, respectively. In order to see the change of the molecular
area clearly, we ignore here the multiphase coexistence and look
at only the minimum of the total free energy, f,..

In Figure 8a and b, for a pure NU membrane (¢ = 0), =
gradually increases when the temperature is increased
approaching the main-transition temperature. As mentioned
in section 2, the molecular area discontinuously jumps to a
larger value as appropriate for the L, phase at T§* = =20 °C
because the main-transition is first-order. In the L, phase of the

DOI: 10.1021/acs.jpcb.6b03102
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Figure 7. Phase diagrams of two-component charged membranes as a function of the chemical potential, 4, of saturated lipid (either CS or NS) and
temperature T. (a) CS/NU membrane with ] = 1.2 X 107 J and n, = 1 M; (b) CS/NU membrane with J = 1.8 X 107 J and n, = 1 M; (c) CS/NU
membrane with J = 1.2 X 1072 J and n, = 10 mM; and (d) NS/CU membrane with J = 1.2 X 1072 J and 1y, = 1 M. The other parameters are listed
in Table 1 and are mentioned in the text. The filled squares located at (y, T) = (—0.50 X 1072 J, —=15.3 °C) in part b and (—2.48 X 1072 J,

—28.0 °C) in part d indicate the triple points.
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Figure 8. Plots of molecular area X as a function of the temperature T. (a) CS/NU lipid membrane with n, = 1 M, (b) CS/NU lipid membrane with
m, = 10 mM, and (c) NS/CU lipid membrane with n, = 1 M. Black, red, blue, green, and orange lines correspond, respectively, to ¢ = 0, 0.25, 0.5,

0.75, and 1.

NU membrane, T takes a constant value, £, = 65 A% because
the order parameter m™* always vanishes there.

In the presence of the CS lipid (¢ > 0), Z also increases and
exhibits a discontinuous jump at the main-transition temper-
ature. At the transition temperature, as compared with the
neutral membranes, X for the charged membranes is slightly
smaller for the Ly phase but larger for the L, phase. This
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tendency can be clearly seen for higher molar fractions of CS
lipid (¢ = 1) or for lower salt concentrations (Figure 8b). As
the temperature is further increased from the main-transition
temperature, T**, X in the L, phase asymptotically approaches
the constant value, X, = 65 A2

The temperature dependence of X for the NS/CU mixture is
shown in Figure 8c. The molecular area first increases in the Ly

DOI: 10.1021/acs.jpcb.6b03102
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phase and then jumps discontinuously at the main-transition
temperature. This molecular area expansion is larger for higher
molar fraction of the CU lipid (¢ ~ 0). In the next section, we
shall discuss in more detail the effect of the lipid volume
conservation on the molecular area.

4. DISCUSSION

Several points merit further discussion. First, we discuss the
effect of the interaction parameter J on the phase behavior. As
shown in Figures 4 and 6 for neutral and charged membranes,
respectively, the phase-separated region becomes larger as |
increases. In particular, we find different coexistence regions
such as liquid—liquid Ly + L((lz)) in Figure 4b and solid—solid
(L}l) + 1Y) in Figure 6b. These coexistence regions do not
appear for smaller | value as in Figures 4a and 6a. Such a
dependence on ] was also reported in previous theoretical
works.' >

As seen in Figure 6, the main-transition temperature, T**, is
reduced for a single-component charged lipid membrane. The
transition temperature of NS lipid is T¢*= 41 °C, while it is
decreased to T¢* ~ 29 °C for CS lipid as in Figure 6a and b, or
to T¢* ~ 23°C as in Figure 6¢c. The electrostatic repulsion
between the charged lipid molecules tends to expand the
molecular area, resulting in a decrease of the membrane
thickness, while keeping the molecular volume v = X6 constant
(see Figure 3). Hence, the molecular volume conservation
enhances the phase transition toward the L, phase, and the
main-transition temperature is decreased.”” For a single-
component unsaturated lipid, the reduction of the transition
temperature from T{* = —20 °C (for NU) to —30 °C (for CU)
can also be explained by the volume conservation constraint
(see Figure 6d).

Next, we comment on the effect of the electrostatic
interaction on the extension of the phase-separated regions.
We have presented the phase behavior of a neutral NS/NU
membrane (Figure 4a), a charged CS/NU membrane with a
high salt concentration (Figure 6a), and a charged CS/NU
membrane with a low salt concentration (Figure 6¢). The phase
separation takes place below T = 41 °C in Figure 4a, between
T =29 °C and —20 °C in Figure 6a, and between T = 23 °C
and —20°C in Figure 6¢c. As the electrostatic interaction
strength is increased in the order of Figures 4a, 6a, and 6¢, the
phase-separated region becomes narrower. For the NS/CU
membrane in Figure 6d, the phase coexistence occurs below
T = 41 °C. Although this temperature range coincides with that
of neutral NS/NU membranes as in Figure 4a, the phase-
coexistence region in charged membranes (Figure 6d) is
narrower than that in neutral membranes (Figure 4a). Hence,
the phase separation is generally suppressed in charged
membranes as compared with neutral ones.

Some experiments”> >’ reported that the two-phase
coexistence region for charged membranes (containing mainly
CU lipid) is narrower than that for neutral membranes, and the
phase separation in these membranes can be enhanced again by
adding a salt. Compared with two-component neutral
membranes (Figure 4a), the phase-separated region of an
NS/CU membrane (Figure 6d) becomes narrower due to the
electrostatic interactions. This is indeed consistent with
experiments. Previous theoretical models for charged mem-
branes”®*"*” have considered only the contributions from the
phase separation and the electrostatic interactions. Although
these works also reported the suppression of the phase
separation in charged membranes, the main-transition was
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not taken into account. In the present work, we have included
this phase transition in order to fully describe the phase
behavior of two-component charged membranes. The advant-
age of our model is that it describes the different phase
behavior, distinguishing CS/NU and NS/CU lipid mixtures.

As mentioned in section 1, there are two types of two-
component charged membranes: CS/NU and NS/CU lipid
mixtures. These two cases are presented in Figure 6a and d,
which manifest that the phase-separated region in the former
case is narrower than that in the latter one. This is because the
difference in the main-transition temperature between the
saturated and unsaturated lipids is larger in the NS/CU case
(Figure 6d). We note again that the reduction of the transition
temperature for charged lipids is induced by the molecular
volume conservation.

In general, the larger the difference in the transition
temperatures, the stronger the segregation, and the phase
separation is enhanced. Himeno et al.”” reported that the phase
behaviors of CS/NU and NS/CU lipid mixtures are quite
different. In particular, they obtained the liquidus lines and
compared the phase separations in CS/NU and NS/CU
mixtures with that in an NS/NU mixture. According to their
results, the phase separation is enhanced for a CS/NU mixture,
whereas it is suppressed for an NS/CU mixture. Although it is
difficult to compare directly this experiment with our theory,
our model clearly distinguishes between the two different types
of charged membranes, and the trends agree with experiments.
In the previous experimental work,”” it was considered that
there is a counterion mediated attraction between charged
saturated lipids, which overcomes the electrostatic repulsion
between the charged head groups. For simplicity, this effect was
not considered in the present study. However, it will be of
interest to consider such added interactions in future theoretical
studies in order to make a direct comparison with the
experimental results.

We further comment now on the discontinuous jump of the
molecular area at the main-transition temperature. For a pure
NS lipid membrane (¢ = 1 in Figure 8c), the molecular area
jumps from X = 48.7 to 65 A% at T#* = 41 °C. For a pure CS
lipid membrane (¢ = 1 in Figure 8a or b), on the other hand, it
varies from X = 47.4 to 67.6 A* at T#* = 29 °C in Figure 8a and
from X = 46.9 to 68.8 A* at T#* = 23 °C in Figure 8b. This
means that the main-transition of a CS lipid occurs when the
temperature is lower and the molecular area is smaller, as
compared with an NS lipid. This behavior can be explained by
the electrostatic repulsion between the charged head groups
(see Figure 3). In general, the main-transition is induced when
the attraction between the lipids becomes weaker. For CS
lipids, the electrostatic repulsion between the lipids acts in
addition to the attraction. Hence, the main-transition occurs at
a lower temperature and smaller molecular area. Moreover, the
molecular area of a CS lipid in the L, phase is larger than that
of an NS lipid (£ = 65 A*) due to the electrostatic repulsion.
The increase in the molecular area at the main-transition is
more enhanced when the molar fraction of charged lipid is
higher.

For higher temperatures, the molecular expansion in two-
component charged membranes is suppressed. In the presence
of charged lipid, X in the L, phase asymptotically approaches
X, as the temperature is further increased. We recall here that
the total free energy of CS/NU or NS/CU membranes is given
by eq 18 or 19. Taking into account the temperature

dependence of p = 2xly/Zk = e/2),/8nye, kgT, we note
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that the relative contribution of the electrostatic free energy
vanishes in the high temperature limit. Namely,
fa/ (f + fmi) = 0 as T — oo. This means that the electrostatic
interaction becomes irrelevant with respect to the non-
electrostatic free energies in the high temperature limit, and
2 - 2,

In neutral membranes, the optimal order parameter m*
vanishes in the L, phase. On the other hand, in charged
membranes, m* in the L, phase becomes negative due to
molecular volume conservation. Since the order parameter
represents the membrane thickness, negative m means an
expansion of the molecular area, as shown in Figure 3. In order
to understand why m* becomes negative, we expand the
electrostatic free energy f, of eq 17 in powers of m

Jalm @) 1= 1+ (p)*

kg T po

a4 15 G ) |-

2¢

2(1- 1+ o))

p m
(1= 1+ Gy )2 2
N1+ (pg) (24)

The order parameter m is determined by minimizing the total
free energy, eq 18, which includes eq 24. The latter equation is
minimized for nonzero m due to the linear term in m because

A1+ (p¢)2 > 1. Since the stretching free energy f,, in eq 2

does not include any linear term in m, the total free energy is
minimized for a negative m* < 0. As mentioned above, the
electrostatic interaction becomes negligible at higher temper-
atures. Therefore, m* asymptotically vanishes when the
temperature is increased.

In this study, we have used the Poisson—Boltzmann theory
to obtain the electrostatic potential for symmetric monovalent
salt. Such a mean-field treatment would break down when ion—
ion correlations become significant. For example, when
multivalent ions are present or a crowding state of charged
lipids occurs, it would be important to include ion—ion
correlations beyond the mean-field theory. This point will be
addressed in a future study. Furthermore, modulated phases in
neutral lipid membranes were discussed theoretically by taking
into account both the lipid main transition and the spatial
dependence of the lipid composition.” In the case of a charged
lipid membrane, the formation of modulated phases was
predicted within the Debye—Hiickel approximation without
considering the lipid main transition.”” However, the
occurrence of such a microphase separation has not yet been
reported experimentally for charged bilayer membranes using
optical microscopes.”” >’ This is because the characteristic
wavelength of the microphase separation is considered to be of
the order of nanometers." Further theoretical and exper-
imental studies are needed in order to investigate the possibility
of such microphase separations in charged lipid membranes.

5. CONCLUSION

In this work, we have considered phase transitions and
separations in binary mixtures of charged membranes. Taking
into account the chain main-transition, we have calculated the
phase diagrams of two-component charged and neutral lipids.
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In particular, we have considered a coupling effect between the
order parameter and the lipid composition through the
molecular volume conservation. We showed that the phase
separation in charged membranes is suppressed as compared
with the neutral case. Furthermore, as the salt concentration is
increased because of screening, the phase separation in charged
membranes is enhanced again, signaling the importance of
electrostatic interaction.

We have focused on the combination of the lipid
hydrocarbon saturation and the charge on the headgroup
(either CS/NU or NS/CU). The phase behavior of these two
types of binary mixtures of charged/neutral lipids is very
different, and is in agreement with recent experiments.29 We
also find that the molecular area of charged/neutral mixtures is
smaller in the L; phase and larger in the L,, as compared with
neutral mixtures. In other words, the discontinuous jump of the
molecular area for charged/neutral mixtures is larger than that
for the neutral ones. This tendency is clearly seen when the
charged lipid fraction is large and/or the salt concentration is
low, and can be understood by the electrostatic repulsion
between the charged head groups. In general, the phase
behavior is significantly influenced by the presence of the
charged lipid.

Our model describes the phase behavior of binary mixtures
of charged/neutral lipids. In most of the recent experimental
studies,” " however, the phase separation has been observed
in ternary charged lipid mixtures containing cholesterol. Since
these studies are motivated by the formation of raft domains
enriched in cholesterol, lipid mixtures containing cholesterol
are also important from the biological point of view. Putzel and
Schick proposed a model* for the phase separation in neutral
membranes consisting of saturated lipids, unsaturated lipids,
and cholesterol. In the future, it will be of interest to consider a
model for ternary charged lipid membranes, which will take
into account explicitly the specific role of cholesterol, in
addition to the effect of charges in lipid mixtures.
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