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Stabilization and destabilization of cell membranes by multivalent ions
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We propose a mechanism for the stabilization and destabilization of cell membranes by multivalent ions
with an emphasis on its implications for the division and fusion of cells. We find that multivalent cations
preferentially adsorbed onto a membrairamatically change the membrane stability. They not only reduce
the surface charge density of the membrane but also induce a barrier to pore growth. While both of these
effects lead to enhanced membrane stability against vesiculation and pore growth, the induced barrier arises
from correlated fluctuations of the adsorbed cations and favors closure of a pore. Finally, the addition of a
small amount of multivalent anions can reverse the membrane stabilization, providing an effective way to
regulate membrane stability.
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Lipid bilayer membranes are resistant to rupture, primagrowth. The induced barrier originates from the correlated
rily serving as a barrier to the leakage of the cell’s contentsfluctuations of adsorbed counterions and favors closure of a
while also being dynamic structures that undergo variougore, further stabilizing the membrane. Upon adding a small
topological transitions. The capability of living cells to regu- content of multivalent anions, the adsorbed cations are re-
late the Stabi”ty of their bounding membranes is crucial toleased into solution, thus reversing the membrane stabiliza-
their maintenance and reproductipt]. Membrane stability ~ tion. Adsorption and desorption of multivalent cations pro-
against rupture changes most dramatically during cell divivide an effective way to regulate the membrane stability.
sion and fusion. The precise mechanism for achieving this The model we consider here is a thin flat membrit#
complex task in living cells is complicated by various in the Xy plane (as shown in Fig. }l in the presence of a
membrane-associated or -bounded protglisind is not yet monovalent(1:1) salt such as NaCl and in the presence or
clear. Numerous studies, however, suggest that membrar@dsence ofZ  -valent ¢, :1) salts, such as CaClEach
stability is influenced by several factors such as the ionideaflet of the membrane is composed of neutral and anionic
strength, external fields, and thermal fluctuatifhs11). Os-  lipids. In reality, the inner leaflet of red cell membranes is
motic lysis of cell membranes is an efficient experimentalknown to be more highly charged than the outer le48¢as
means to study the membrane stabili~4]. It has been schematically shown in Fig.(d. We, however, ignore this
known for a few decades that red blood cells can be conasymmetrical charge distribution in the following discus-
verted into vesicles by osmotic lysis in a solution of low Sions. As a result, each side of the membrane is assumed to
ionic strength lacking multivalent catiojd—4]. The pres- be negatively charged with constant charge densigo,
ence of divalent cations, however, prevents this vesiculatio@nd attracts ions of the opposite charge. For simplicity, we
[2—-4]. In fact, a number of experimenf@—4] have unam- consider the case of a single circular pore of radiisal-
biguously demonstrated that the stability of red cell mem-
b_ranes against vesiculat_ion can be greatly_ enhanced by _muI— (@)
tivalent cations. Despite this, a consistent theoretical
description of this phenomenon has so far been lacking.

The strong valency dependency of membrane stability 00-00-0-0-0 _ —00-0-00-00
[2—4] motivated this work. Not only can osmotic lysis lead Q00000000 G0 0000 1D

anion/cation-anion pair

V4

to vesiculation, but it can also create large pores in the cell ® B2R < ®
membranes that subsequently contract to a size that is con-

trolled by the ionic strength. Pore closure can be stimulated (b)

by cations, and remarkably the rate of pore clossirengly ® e® eO®
depends on the valency of catiof]; C&" is roughly 60 00-00-0-0-0 —00-0-00-00
times as potent on a molar basis as*Ndhe potency of 0000-000000 0-00000-000
divalent cations, which essentially prevents vesiculation, was o0

first demonstrated experimentally three decades[a§dut

it has yet to be examined theoretically. Here we propose a g 1 (5 Schematic view of a charged membrane with a pore
theoretical mechanism to explain this phenomenon. We find 4 radiusk. Charged and neutral lipids are denoted-byand 0,
that multivalent counterions adsorbed onto a charged memespectively, while the adsorbed multivalent cations are denoted by
branedramatically enhance the membrane stability through encircled+'s. A pair of an attracting lipid and a lipid and cation is
two effects. First, they can significantly reduce the surfaceyso shown that stabilizes the membrane against pore grdijth.
charge density of the membrane, enhancing the membrangustration of multivalent aniongencircled—s) forming pairs with
stability. Second, they induce an attraction between chargegie adsorbed multivalent cations, then leaving into solution. Deple-
head groups of the membrane and thus a barrier to porgon of the adsorbed layer destabilizes the membrane.
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ready formed in the membrane by, for example, osmoticergy is given as a sum over all realizationso(fr ). Com-

stress. The stability of the membrane against rupture can B¢,z4ion of this quantity is highly involved, partly because
quantified in terms of a line tension, i.e., the energetic peNy e mbrane charges at different sites moecorrelated pair by

alty for creating a pore per unit length. The electrostatic réyair- the interaction between two charged lipids is influenced

pulsion between charges on the membrane favors pore fofy the presence of a third charged lipid and thus all fluctu-
mation [6], but the hydrophobic effect opposes this. If 5iing charges on the membrane should be explicitly taken
mobile ions are treated as screening objects that Simply e accoun{14]. This is complicated by yet another factor:
duce the electrostatic repulsion via Debye screening, then thg specific geometry of the membrane with a pore. The
electrostatic contribution to the line tensioRy can be es-  gjectrostatic effects at the mean-field level, suppressing both
tlmgtezd _\sing _Debye-tlikel (DH) thec2>ryz [§]2: You™  adsorption and charge fluctuations, has only recently been
—e“ogk e "RIf R<« and YoH™ T € OgKk "€ if R addressed6]. We therefore incorporate the in-plane charge
>kt wherex ™ is the screening length andis the di-  fluctuations at the Gaussian level as in previous cases
electric constant of the solvent. Obviously, the eIectrostatioEM,lg_ In other words, we keep terms to the second order in
repulsion favors creation and expansion of a pore, ¥gy  the charge fluctations in the computation of the free energy.
<0. The resulting charge fluctuation contribution to the pore free
Charged membranes are, however, capable of adsorbinghergy, i.e., the change in the charge fluctuation free energy

counterions of the opposite charfgee Fig. 18)], reducing by creating a pore, is formally given by
the surface charge density of the membrgh®. The mag-

nitude of the reduced charge density can be estimated by AFpore 1 1

equating the chemical potentials of the “free” and ‘“‘con- TkeT 5'” def1+(Q-Q)Q "] )
densed” counterions, i.e., those adsorbed onto the membrane

surface. In the following descriptions, the subscriptsl Here, the matrixQ is defined by the matrix elements
and 2 refer to the monovalent and multivalent counterions,

respectively. Ifec; is the charge density of condensed coun- e KX —x[|
terions, then the effective surface charge density on the QXLXi: 1+/B‘TCC§XML — 3
membrane is—ec* = —e(oy—o,—Z.05). The chemical X, =]

potential of free counterions is mainly associated with the _ 2 o .
configurational entropy of mixing:x! e ~kgT In(nad),  WHere oec=o1+Ziop and Q=lim, Q. Finally, {x x
wheren; anda; are the concentration and size of counteri-=1 if x, andx| are on the membrane and 0 otherwise. In
ons, respectively. On the other hand, the chemical potentidhe case oS>« !, as is the case for red cell experiments
of the condensed counterions arises from electrostatic intef2,3], 7,41 in Eq. (2) can be calculated without making
actions and the entropic penalty for condensatmﬁ?”d~ further approximations. This follows from the fact thét
—27Z/go* JS+In(g;ad) if k>SS and uf"~ =(Q-Q)Q '~S! and F,y. can then be expanded in
—27Z/ go* k1 +In(o; @) otherwise, whereS is the area  powers ofé. In the caseS> k1, we can take the limiS
of the membranez,=1, andZ,=Z, . The equilibrium val- ~— without introducing any appreciable error. In this limit,
ues ofo; can then be obtained by requiripg"®®= z.c°". only the leading term survives in the expansion.

The condensed counterions do not simply renormalize the TO calculate the free energy in E@), it proves useful to
membrane charge density but also give rise to charge flud-ourier transform it fromx, tok, . We find
tuations in the plane of the membrane surface that tend to be

correlated with each othgd4,15. A typical attracting pair A]:Pme: 1 f f _f f rodror’dr’
of a lipid and a cation is illustrated in Fig. 1. Creation of a kKeT 2N R=0 rReo| ©Ot Tt
pore makes charges at the edge less efficiently correlated and

is discouraged by the charge-correlation effects. In the fol- » deo = kodk

lowing derivations, we take the continuum limit and suppress 0 0 14+ Ao /—2—kl T2

the finite thickness of the membrane. Consequently the

charge distribution on the membrane is described by the lo- e kS +r|=2r, 1] coso
cal surface charge density16], ec(r,)=—eo,+em,

+em,Z, , where e is the electronic charge, aneh;,m,
=0,1,2,3, etc., are, respectively the number of condensed
monovalent and multivalent counterions per unit area, at
=(x,Y). Then the interaction Hamiltonian is simply

X 2 12
VrZ+r!2—2rr’cosé

X Jo(ky \r2+11%2=2r 1! cosé), (4)

where\ .= 1/27/ 5o controls the strength of charge fluc-

. tuations(thus the charge fluctuation tern7,,.) andJy(x)

H ﬁf J’ AL A is the zeroth-order Bessel function of the first kind. As al-
dr drjo(r,)o(r}) , T s . o

keT 2 Iro—r!] ready indicated earlier, the charge-fluctuation contribution

A Fpore In Eq. (4) prefers closure of the pore. To understand

where the integrations are over the membrane surfdge, this more systematically, note that the membrane and the

=e?/ekgT is the Bjerrum lengthx?=87/gl, andl is the  oppositely charged counterions on the membrane surface can

ionic strength of the solution. The electrostatic pore free enbe considered as forming a two-dimensional ionic fluid,

e_"lﬂ_ri‘
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FIG. 2. Total line tension, in units of the hydrophobic contribu-
tion y,=10"*' J/m, as a function of the monovalent salt concen-
trationn,. We have choseff =300 ando,=0.2 nm 2. In the ab-
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tion of the monovalent counterion concentration In the
absence of multivalent counterion8= 1), vy;ota IS Negative
whenn;, is in the range &n;<1 mM. This implies that the
membrane is unstable to pore growth as longass in this
range. The presence of 0.1 mM of multivalent counterions
(Z=2 and 3, however, dramatically enhances the mem-
brane stability. In this casey,.:, IS positive for the whole
range ofn; and is in the range 09%< Y0ta1=0.7vy,. In or-

der to enhance the membrane stability up to this level by
monovalent counterions, about 5 mM concentration would
be needed. This is approximately 50 times higher than that of
the divalent counterion concentration. This estimateeis
markablyconsistent with the experimental finding that?Ca

is roughly 60 times more effective on a molar basis thari Na
in stimulating pore closurgs3].

Our results are striking; the presence of multivalent coun-
terions is more crucial to the membrane stability than that of
the monovalent salt, though the ionic strength is mainly de-
termined by the latter. The plausible reason for the potency
of multivalent counterions as implied by our results in Fig. 2
(which essentially changes the signf., whenZ changes
from 1 to 2 is as follows: Recall that it is the electrostatic
repulsion between charged lipids that destabilizes the mem-

sence of multivalent cationZ& 1), there exists a finite range of Prane. Since the membrane preferentially binds multivalent
the monovalent salt concentration where the membrane is unstabRPUnterions over monovalent ones, multivalent counterions
(Y10a1<0) to pore formation. The presence of as small a concen@’€ more efficient, on a molar basis, than monovalent ones in
tration as 0.1 mM of multivalent cationsZE2,3) stabilizes the reducing the lipid-lipid repulsion, counteracting the mem-
membrane against pore growth for the whole range of monovalerrane destabilzation. Moreover, multivalent counterions in-
salt concentration. The distinction between the monovalent an@luce an attraction between lipids more efficiently than
multivalent cases is, however, minor in the DH approach, and 0.Mmonovalent ones. When combined, these two effects lead to
mM of multivalent cations onlyslightly enhances the membrane significantly enhanced membrane stability against pore

stability.

where ions are easily diffusive in the plane of the surface
This results in in-plane charge fluctuations that tend to b
correlated, leading to an effective attraction between th

head groups. This attraction between two head groups nea
the edge of the pore weakens as the pore expands. Thus {f
charge fluctuation contribution prefers to close the pore, a

indicated by the sign oA 7. In the case okR>1, the
charge-fluctuation line tension, i.eAy=AF,,/27R,
shows two distinct scaling behaviorA:y~)\C’clIn(l/)\ch)
for small \ ..« andAy~)\c’C2K*1 for large N .cx. If we cal-
culatedA vy using a form of a two-body interaction calculated
for charges on the membrane, we would obtAif, which
shows a simple scaling behavior for ak>0: Ay
~)\C_C2K*1. In fact, the existence of multiple-scaling regimes
is characteristic of the charge-fluctuation interactions that ar
nonpairwise additivg17].

The charge fluctuationXy>0) and hydrophobic contri-
butions (yo>0) favor closure of the pore, while the DH
(ypx<0) or renormalized DH term+,<0) tends to ex-

growth and vesiculation; at low ionic strength, the charge
fluctuation contribution dominates the repulsive term in the
presence of a small concentration of multivalent cations. For
sufficiently screened cases, the sum of the charge fluctuation
erm and the hydrophobic contribution outweighs the repul-
ive termyg,, . Thus the membrane is stabilized by the pres-
ace of multivalent cations for the whole range of the con-
gentration of monovalent ions. Also note that trivalent
counterions are even more efficient in enhancing the mem-
brane stability than the divalent counterions.

In the absence of multivalent cations, however, a rela-
tively much higher concentration of monovalent salts is re-
quired to stabilize the membrane. The main effect of
monovalent ions is simply to screen the electrostatic interac-
tions via Debye screening, reducing the lipid-lipid repulsion;
the affinity of monovalent cations for the membrane is rela-
tively weak, and they do not lead to strong charge fluctua-
flons, since a monovalent cation on the membrane surface
tends to simply neutralize a neighboring lipid headgroup.
Thus the binding of monovalent cations to the membrane has
a relatively minor effect on the membrane stability. The re-
sulting system is well in the mean-field regime as indicated

pand the pore. To study the membrane stability, we havey the results in Fig. 2, and small changesninwould not

solved foro* and yyora =70+ y* (Or ygy) +Ay simulta-
neously. We have chosemy=a,=2 A, T=300, ando,
=0.2 nm 2, which is in the physiological range. To sup-
press theR dependency, we have assumed Ratx . Fig-
ure 2 showSy,ea in units of yo=10"1! J/m[5] as a func-

lead to any significant effect on the membrane stability; as
shown in the figure, the dramatic distinction between the
monovalent and multivalent cases is missing in the DH
theory. The enhanced membrane stability by multivalent
counterions seen in the experimeh®s3] can be explained
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work [3]. Note that the osmotic stress will eventually be
removed. WherZ=1, the pore can grow into a large one
once the barrier is overcome by osmotic stress. This will lead
to vesiculation if the restoring force is outweighed by the
repulsion between the charged groups on the red cell mem-
branes. In contrast, there is a subsequent barrier to pore
growth in the caseZz=2,3. This prevents the ghosts from
breaking into vesicles. In contrast, the DH approach mistak-
enly implies that the barrier height is roughilysensitiveto

the valency of counterions. Thus our results in Fig. 3 further

pore
7/

% i support the importance of the counterion valency and charge
3 correlations to the membrane stability, consistent with ex-
100 | RN 4 perimentq 2,3].
E N The fact that multivalent cations can be preferentially ad-
N | sorbed onto a charged surface implies that the layer of the
. LN adsorbed cations can be depleted by multivalent anions.
-200 i I L L Imagine an anion of valenc¥_ making a pair with a cation
in the condensed layer and leaving into the solution, as illus-
R (nm) trated in Fig. 1b). _Whether this is f_easible can pe
tested by calculating the change in the chemical
potential:  Au~—Z,Z_/gl(ays+a, )+Z./go* k!

FIG. 3. Pore free energy as a function of the pore §z&Ve +In(n2,a§,/n2+ag+), where the subscript 2 refers to multi-
have chosen the same pargmeterg as were used to generate Figvgtent ions and the subscripts and — refer to the cations
o b ipe 370 i, respeciely When th valency o aions i s

' . : ficiently high, this change can be negative. This implies that
presence of 0.1 mM of multivalent counteriornd=2,3), the pore . . . - . .
free energy growsndefinitely with R. In the DH approach, the a Ce.rtam fraCtl.on of the qatlons in the layer make palr§ W!th
barrier height is roughlynsensitiveto the counterion valency. multlva_llent anlp!’ls_and will re“!m to the solution to ma”f‘.ta'”
“chemical equilibrium,” reducing the membrane stability.
Cells contain multivalent cation@.g., C&* and M¢ ") as
only when both the preferential adsorption of multivalentye|| as multivalent anione.g., PQ°~ and anionic proteins
counterions and the effects of charge correlations are progand thus could regulate their stability in this way. This may
erly taken into account. provide a new insight into the biological phenomena of

We have also foun{il8] that, in the presence of as small “preakdown” and “reassembly” of a nuclear envelope dur-

a concentration as 0.1 mM of multivalent CationS, the mem-ing cell division. During cell division, a nuclear enve|ope
brane is stabilized against pore formation for the wholegisintegrates into vesicles, which eventually reassemble into
physical range ofoy, i.e., 0<oo<op®*, where o¢'®  daughter cell§1]. This is suggestive of the cyclic change in
~1/nn? corresponds to a fully charged case; for weaklythe membrane stability: stables unstable— stable. The
charged cases, the hydrophobic attraction mainly stabilizestabilization and destabilization of membranes by multiva-
the membrane, while the charge-fluctuation contrbution igent ions could be relevant to this flow of membrane stability
the main stabilizing effect for highly charged cases. In thein a dividing cell. This is, however, complicated by various
absence of multivalent cations, however, there is always gembrane-bounded proteifis] and further consideration is
finite range ofn,; over which the membrane is unstable to certainly warranted.

pore growth, as long as, is not too small. To summarize, we have presented a working mechanism

Whether a pore grows or closes also depends on thfor the stabilization and destabilization of membranes by
height of the barrier as a function of the pore skdn Fig.  multivalent ions. Multivalent cations preferentially adsorbed
3, we have plotted the pore free energy as a functidR, @  onto a charged membrane not only reduce the surface charge
units of kgT,e;. We have chosenT,;=300 K, n;  density of the membrane but also induce a barrier to pore
=0.1 mM, ando,=0.2 nni 2. The barrier height is finite growth that favors the closure of a pore. The main advantage
in the presence of monovalent ions ong=1). In contrast, of the membrane stabilization by multivalent cations lies in
the pore free energy in the presence of 0.1 mM of multivathat this can be easily reversed; the addition of a small con-
lent counterionsZ=2,3) growsindefinitelywith R. Thisim-  centration of multivalent anions can reverse the membrane
plies that the formation of a large pore is energeticallystabilization. Our results are also consistent with the experi-
greatlydisfavoredn the presence of multivalent counterions. mental findings that membrane adhesion by multivalent cat-
The results are indeed consistent with the experimental okiens does not necessarily lead to membrane fusion and that
servation that the presence of 0.1 mM of MgS&abilized membrane fusioriin the absence of fusion peptideshould
the red blood cell ghosts against vesiculati®); a pore be followed by lateral phase separation of the lipid molecules
originally created by osmotic stress will grow into a largeinto two distinct phasefl9]: anionic lipid-poor phases and
one or shut down, depending on the buffer quality and thenionic lipid-rich phases “coated” with multivalent cations.
strength of the restoring force provided by the spectrin netit is the uncoatedphases that undergo a topological change
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and eventually fuse into each other, consistent with our pictential maintained across the membranes and membrane pro-
ture of multivalent cations as efficient agents for stabilizingteins[10,11. It should be noted here that multivalent coun-
membranes against rupture. terions influence the transmembrane potential and the affinity
Naturally occurring membrane systems contain a larg@®f these proteins for the membranes much more efficiently,
concentration of monovalent ions-100 mM correspond- ©n @ molar basis, than monovalent ones, since they preferen-
ing to x 1~10 A) as well as a small concentration of mul- tially adsorb onto the membrane. Thus the regulation of
tivalent ions. Thus the electrostatic interactions are more effe€mbrane stability in real cases can still be accomplished by
fectively screened in these cases than in typical red ceffounterion valency as in the red cell experiments even
experiment§2—4]. Our simple approach to counterion con- though the destabilizing effect is different there. So the ad-
densation is not well suited to sufficiently screened casesOrPtion and desorption of multivalent counterions can lead
since it ignores the effects of charge fluctuations and thd® dramatic effects on membrane stability. Further experi-
discrete nature of ions on the affinity of counterions for anmental studies that involve changes in the concentration of

oppositely charged surface—note that these effects becomBultivalent ions and/or the transmembrane potential are nec-
important for screened cases. More careful consideratioBSSary to further unravel the intriguing roles of multivalent

[18] of these additional factors shows that the repulsion belONS in membrane stability. We believe that our charge fluc-
tween lipids is minor but the charge-fluctuation effect re-tuation theory presented here will stimulate further investi-

mains important as long as..<« 1, as is often the case. In gation along this line.

typical biological settings, a relatively small osmotic balance We have benefited from useful discussions with D. Boal,
is maintained across membranes, since both the inside amd. Wortis, S. Davies, A. Rutenberg, M. Howard, K.
outside of the membranes carry comparable concentratiori3elaney, J. Thewalt, G. Lim, and G. Tibbits. This work was
of ions. There can be, however, other effects that destabilizeupported by the Natural Sciences and Engineering Research
the membrane. One such example is the transmembrane pBeuncil of Canada.
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