RAPID COMMUNICATIONS

Effect of divalent counterions on asymmetrically charged lipid bilayers

PHYSICAL REVIEW E 67, 030901R) (2003

Bae-Yeun Ha
Department of Physics, University of Waterloo, Waterloo, Ontario, Canada N2L 3G1
(Received 19 February 2002; revised manuscript received 2 December 2002; published 18 Maych 2003

We study an asymmetrically charged lipid bilayer in which the inner layer is negatively charged, while the
outer one is neutral. In particular, we focus on the interplay between the asymmetrical charge distribution and
counterion valency in determining the preferred curvature state of the bilayer. We show that, at low ionic
strength, an entropic effect associated with counterion release tends to expand the inner layer—surprisingly, the
excess charge of the bilayer opposes this. In the absence of multivalent ions, the entropic effect is dominant and
gives rise to a tendency towards negative mean curvature. The presence of divalent counterions, however,
counterbalances the entropic effect—they tend to shrink the inner layer, leading to positive mean curvature.
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Cell membranes are lipid bilayerstudded with mem- even change the sign d&A, for a wide range of physical
brane proteinsthat primarily isolate the cell's contents from parameters, leading to a tendency towards positive mean cur-
their environment, while also serving as a binding site forvature. We find that the preferred curvature as implied by
numerous membrane binding ligands. Two faces of the biAA, is determined by the balance of a few competing ef-
layers often consist of strikingly different selections of their fects: the repulsion between charged headgroups, charge cor-
constituent lipidg1]. For example, the inner leaflets of the relations, and an entropic effect arising from counterion re-
red blood cell(RBC) membranes are rich in anionic lipids, |ease. At low ionic strength, the repulsigwhen combined
while the outer ones are essentially neutral. Thus, the inn&gith counterion condensatipmather tends to shrink the in-
leaflets strongly interact with basic ligand. These ligands  ner |ayer, contrary to our intuition; in this case, the tendency
can influence the stability, shape, and preferred curvature qfyards negative mean curvatufeorresponding to a ten-
their target membranes by modifying the physical propertie%ency towards bending outwards only triggered by the
of the lipids of their binding layers. Despite significant effort entropic effect arising from counterion release of the mem-
[3-6], the precise mechanism for membrane stabilization %brane. As the inner leaflet expands its area, the surface

destabilization by ligands n living gells is largely unknown. harge density decreases. As a result, some condensed coun-
A number of early RBC lysis experiments, however, suggesf

that the asymmetrical phospholipid distribution between theenons are free to return to the solution, since the attraction

bilayers of the RBC membrane is crucial to the membran ﬂ: cour:tenont?]t(: t(:e_memtkr)]rane IS \;yeakenedt. Itis tlhetﬁam E)n
stability againt inverted structur¢s, 4. € entropy that derives the negalive curvature. in the ab-

Despite the wealth of RBC experimeri& 4], a system- sence of multivalent ions, the entropic effect is dominant and

atic theoretical approach to the membrane stability has so f4fVOrs negative curvature. The presence of even a small con-
been lacking. Analysis of experimental data on biologicalCentration of divalent counterions, however, ensures the
membranes is often hindered by various unknown factorsPositive-curvature state; they preferentially bind to and tend
Consideration of pure lipid bilayers is useful as it allowsto shrink the inner layer.
more tractable analysis of key parameters that regulate the The model we consider here is a thin flat membrane with
membrane stability. To shed some light into the problem, wecharge density-eo in the Xy plane, in the presence of a
consider asymmetrically charged lipid bilayers immersed inmonovalent(1:1) salt such as NaCl, and in the presence or
salty solution. This is invoked by the fact that negatively absence oZ valent (Z:1) salts, such as CaglThe inner
charged lipids, i.e., phosphotidylserene, mainly reside in théeaflets are capable of adsorbing counterions of the opposite
inner layer of the RBC membrane. In this study, the asymcharge, reducing the surface charge density of the membrane
metrical lipid distribution is taken into account through the[9]. The magnitude of the reduced charge density can be
asymmetrical charge distribution—only the inner layer isestimated by equating the chemical potentials of the “free”
(negatively charged as in the RBC membrane. We, howeverand “condensed” counterions, i.e., those adsorbed onto the
largely ignore other complexities of the cell membrane andnembrane surface. In the following descriptions, the sub-
assume that the two layers of the membrane are otherwisieriptsi =1 and 2 refer to monovalent and multivalent coun-
identical. Even with this simplification, the resulting problem terions(of valencyZ), respectively. Ifeo; is the charge den-
is still challenging and intriguing as will be evidenced later. Sity of condensed counterions, then the effective surface
Using this model, we study the preferred curvature stat€harge density on the membrane isec* = —e(oo— 0
of the bilayer. Throughout this paper, this is quantified in—Zo3) [10]. The chemical potential of free counterions is
terms of the relaxed area difference between the inner anahainly associated with the configurational entropy of mix-
outer layersAAg. In particular, we focus on the effect of ing:,B,ui”ee: In(njvg), whereB=1/kgT, kg is the Boltzmann
multivalent counteriongi.e., cationy on AA,. We find that  constant,T is the temperature, ang is the counterion con-
AA, is highly sensitive to counterion valency. The presenceentration. Finally,v0=47-rr§/3, wherer the size of coun-
of a tiny concentration{ 0.1 mM) of divalent cations can terions. On the other hand, the chemical potential of con-
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densed counterions arises from electrostatic interactions and 0F cond _ 90, Fsong
the entropic penalty for condensatipii]: ATl = — Fpo gt 0o —— — AID —
i=1 gAI" do;
2
cond__ _ ) * . —1 ) corr 00
BMI 2wZ {go™ K +|n(0'|ao)+,3ﬂ| ) (1) +kBTE 0'i+Am Ai'ﬂ)m nivol' (4)
=1 J

whereZ,=1, Z,=Z, ag=4mt’, £g=e% ekgT is the Bjer-  The first two terms in Eq(4) are contributions of condensed
rum length,e is the dieletric constant, and™ ! is the Debye  counterions taA Tl estimated withs=A"g, (i=1,2) fixed,
screening length given byw?=4mlg[2n;+ZNny(Z+1)].  while the third term arises from changes3n for a given
The last term is the charge correlation contribution to theA™, The last term is a gain in the entropy due to counterion
chemical potential of condensed counterions that has yet teelease. This can be readily derived by noting that the change
be specified. An early study suggests that charge correlations the entropy of counterions witA" with reference to that
among condensed counterions trigger extra condensatiasf condensed counteriofisorresponding to the first term in
[12]. If F¢o, is the charge correlation contribution to the free Eq. (3)] is simply =,(d3; /A" In nv,.
energy of ions on the membrane surfgce the last term in We first study the asymptotic behavior of the excess in-
Eq. (3)], we find terfacial tension in the limit okkA<<1. The contribution of
the excess charge to the interfacial tension can be written as
BHrep:—7T€BO'*2K_1—27T€BK_10'*A'H((90'*/(9A'n). In
the limit of smallx\, o™ is roughly independent af, and
thus A, This results inBIl,e,=—mlgo*?k~*, which is
negative. In other words, the repulsive contribution leads to
positive curvature, contrary to our intuition. The key to un-
where\ "'=2mlg(0o+ o1+ Z%0,). The equilibrium values derstand this lies in a consistent treatmentlgf, and coun-
of o can then be obtained by requiring"®®= x°"%, terion condensation; a&'" increases, the repulsive free en-
The total free energy of the membra(‘mr unit areais ergy also increasd$eca” o* is I’OUghly COﬂStaI)I I’esulting
then given as a sum of the entropy of mixing, the repulsivdn @ negative tension. If we used the linearlized Poission-
and the charge correlation contributicigs13]: Boltzmann or Debye-Htkel (DH) approach that suppresses
counterion condensation, we would getBllyy
=mlgoik*, which is positive[14]. Counterion condensa-
tion, however, invalidates this approach at low ionic strength,

At Vkg+ K2

ﬁfcorr __ Zi2€BIn
ANk

(90'i 2\

Bui™'=p (2

2

chond=2 oj(lnojag—1)+mlgo* k™t as long ash<k~!, as is the case for RBC experiments
= [3,4]—in this case, DH resultmistakenlyimplies that the
1 dk, membrane charge tends to expand the charged layer, i.e., the
+§f SUN[1+M(k)]=M(k,)}, (3)  inner layer.
2r) In contrast, the entropic contributiohl.,; counterbal-

ancesll,¢,. This follows from the fact thatl¢n=0;1+ 0,
= —[(?(—TS)/aA'“]EiBO. Note that the third term is a ten-

sion one would get i&; was held fixed ad" increases. Due
counterion release, however, the entropic free energy is

where k, =(k,,k,) and M(ki)zll)\\/karxz. The last
term arises from in-plane charge correlations and can b

evaluated by integrating out the charge fluctuations at theFurther reduced from this value, leading to the first inequal-

Gaussian leve]8,13]. . . . : .
' ey ity. More precisely, the entropic tension can be written as
The preferred curvature state can be quantified in terms o*y P y P

the difference between theelaxed areas of the outer and 2 o oa
the inner layers denoted hyA,=A3"'—Ag' [7], where the Bllgn=>, | oi+| A" i'n —Ui) In| —=2 (5)
superscriptsr= “in” and “out” refer to the inner and outer i=1 A Nivo

layer, respectively. Membranes withA,>0(<0) have a o ] ]
tendency to bend inwardsutwards or a tendency towards For monovalent cases at a low salt limit, this expression
positive (negativé mean curvature. Note that the relaxed @ssumes a much simpler form:

area of each layefthus,AA,) is determined by the balance
of forces at the layer. Since we assume here that the two
layers are identical, except for their charge properties, the
sign of AA, will be essentially determined by the excess free o ] .
energy or the free energy difference between the two layerd he §econd term, arising from counterion relea_se, dominates
AF, which is a sum otF,,,q and an entropic effect arising the first term at a low salt limit and is the main cause for

%[ 0180
Bllgn=0o1+0*In

. (6)

Nivg

from counterion releasgcf. Eq. (5) or Eq. (6)]; if AIl= negative mean curvature. On the other hand, the charge cor-
— J[A"AF]I9A">0(<0), thenAA,<O0 (>0). relation tensionIl.,, is always more negative than

The excess interfacial tension at the inner layer due to the (¢Fcorr/dA™)s, (<0), which is a tension one would get
combined entropy and electrostatic effects reads if 3; were assumed to be constant. Note that charges corre-
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0'010 10 20 30 40 50 the third term in Eq.4) are also most pronounced around

[Na*] (m M) this value, leading to the aforem_e_ntioned beha_vior.
To further demonstrate the efficiency of multivalent coun-

FIG. 1. The excess interfacial tension as a function of the so!€/0NS, we pI_ot_ in Fig. 2 regimes wheteA,>0 andAA,
dium concentration in millimolefNa*]. (a) In the absence of di- <O- For simplicity, we have assumed that two leafleats of the
valent ions Z=1), the entropic effect is dominant for the whole Membrane are indentical except that only the inner layer is
range of Na*], leading toAA,<O0. (b) In the presence of 0.1 mM  charged with the charge densityec. In the upperlower)
of divalent cations, however, the tension is negative for a muctside of each curve, the membrane has posifivegative
wider range of Na'], resulting inAA,>0. AA,.We have chosefi=300 K, e=80, andr,=2 A. In the

absence of multivalent ions, the bilayer has negativeg for

late more efficiently at higher charge densitiesrrespond- a wide range ofo, and[Na'], as described by the thin
ing to smallerA'™), and thud1,,,, prefers to shrink the inner curve. The presence of 0.1 mM of divalent catiqosrre-
layer, leading to a tendency toward#\,>0. sponding to the bold linehas a dramatic effect oAA. In

To study the preferred curvature stateA, in this paper  this case, the membrane has posithv&, for a much wider
for a wider parameter range, we have solved Etjsand(4)  parameter space.
simultaneously. In Fig. 1, we plot the excess interfacial ten- Plausible explanations for the efficiency of multivalent
sion as a function of the concentration of monovalent catcounterions are as follows. In the absence of multivalent
ions, namely, Na—-{Na'] is the sodium concentration in jons, the preferred curvature state is dominated by the en-
millimole. We have chosewr,=0.2 nm 2 (a typical value tropic gain of released counterions, unless the surface charge
for the RBC membrangsT=300 K, e=80, andr.=2 A.  density is sufficiently high. The entropic effect is more pro-
In the absence of multivalent ions, the entropic tension isounced at a low salt limifcf. Eq. (6)]. This follows from
dominant and the resulting total tensionaivays positive,  the fact that In¢ya,/nwo) depends more sensitively on
enlarging the headgroup area of lipids in the inner layer. Thi§Na"] than o, and decreases with increasifiya’]. For
results in negativéA Ay, a tendency towards negative curva- sufficiently highly charged cases, however, the charge fluc-
ture. In the presence of as small a concentration as 0.1 mMation term outweighs the entropic effect, makixg, posi-
of divalent cations, however, the excess tension is negativéve. In the presence of multivalent counterions, however, the
for a wide range ofNa"], up to 20 mM. In other words, the charge fluctuation effect is more pronounced than in the
optimal headgroup area is reduced in this case, leading tmonovalent case, since this efect is more sensitive to coun-
positive AAg. Note thatll,,, andIl,¢, vary nonmonotoni- terion valencyZ than other effects. This effect together with
cally with [Na"] and take the minimum values filNa"]  the excess charge contribution results\iA,>0. As[Na"]
=8 mM, in contrast to the monovalent case for which theirincreases, however, monovalent counterions start to replace
minima fall around[Na"]~0. The difference between the divalent counterions in the condensed layer. The distinction
two cases can be attributed to the fact that, in the presence bktween the monovalent and divalent case becomes minor as
divalent ions, counterion release is most pronounced arouni¢hplied by the boundaries in Fig. 2. Even though each term
[Na"]=8 mM. Note that this value should depend op individually does not show strong dependence, the balance
and will shift to a smaller value ih, decreases. Thus, both between them is highly sensitive & leading to valency-
the charge fluctuation and the excess charge contribution teensitive AA,. The dramatic distinction between the
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monovalent and multivalent cases is, however, completelyhat the preferred curvature is determined not onlyA®y,
missing in the DH approach or the linearized Poisson-but also byC,. Even though our results appear to be consis-
Boltzmann approach.This clearly indicates the efficiency otent with the RBC experiments, our neglect of the complex-
multivalent counterions is capturezhly whenpreferential ity of RBC makes it difficult to draw a definite picture of the
adsorption and a balance of a few competing effects ar®BC stability. Even whem\Ay(<0) is assumed to induce
properly taken into account. the membrane instability, there are many other potential
Our findings in Figs. 1 and 2 appear to be remarkablysources. For example, the spectrin network, attached to the
consistent with the RBC experiments that demonstrate vanner layer of the membrane, could impose a lateral tension
lency sensitivity of membrane stability. It has been knownon the inner layer. Even though the spectrin network is de-
for several decades that the RBC membrane stability isached during vesiculation, it may lead to a nontrivial effect
highly sensitive toZ. In the absence of multivalent ions, on AA,; the detachment of the spectrin network can change
osmotic lysis of the RBC membranes leads to mainly insidethe lateral tension on the inner layer, possibly in a time de-
out vesicles(implying AA;<O0, if AA;<O is assumed to pendent manner. Also asymmetrical insertion of molecules in
induce the membrane instabilitywhile, in the presence of one of the layers can changed,. Additionally, analysis of
divalent cations, vesiculation can be prevented; it leads tenembrane undulations and lipid symmetrization, coupled to
leaky ghosts instead. Vesiculation often requires mechanicalesiculation, is required. Once a pore forms in a previously
disruption. When sheared, the leaky ghosts disintegrate intolosed membrane by osmotic stressag,, tends to zero,
vesicles; in the presence of even a small concentratiodue to the exchange of lipids between the two layers of the
(~0.1 mM) of divalent counterions, this procedure leads tomembrane. In this case, the driving force for the inversion
mainly right-side-out vesicle@mplying AA;>0). In the ab- into inside-out structures will be diminished. On the other
sence of multivalent ions, most of the resulting vesicles ardand, lipids with a smaller headgroup sizeg., anionic lip-
inside out. Our results given in Figs. 1 and 2 provide a quanids in the divalent cagetend to reside in the inner layer,
titative basis of these experiments. since they fit in the inner layer better, unless the radius of
We have presented a theory to account for the valencgurvature is too large. Further consideration is certainly war-
sensitivity of the preferred curvature state of asymmetricallyranted.
charged(pure lipid) bilayers. A couples of issues ignored in
our approach can, however, further complicate the problem. This work was supported by the Natural Science and En-
First of all, counterions also change the headgroup size ajineering Research Council of Canada. We are greatly in-
negatively charged lipids and thus the so called packing ratidebted to M. WortiSFU, Canadafor many valuable com-
and the spontaneous curvati@g. It should be emphasized ments and suggestions.
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