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Abstract

Using micropipette aspiration and fluorescence techniques, we have studied the material properties of charged lipid vesicles in calciun
solutions. Vesicles were composed of phosphatidylglycerol (PG)/phosphatidylcholine (PC) or phosphatidic acid (PA)/PC mixtures. For the
case of PG/PC membranes, we measure no effect of anionic lipid fraction on elasticity but a monotonic decrease up to 20% for tensior
required to induce membrane failure. Both of these observations are rationalized by a model we have developed to describe membrar
electrostatic interactions in a two-component salt solution and the resulting changes in membrane properties. Critical tensions measured ft
PA/PC membranes, on the other hand, did not depend on anionic lipid fraction and were unif@B#ylower than PG/PC vesicles. This
is likely due to a lateral phase separation in the membrane. By combining mechanical properties with fluorescence observations we propos
that the PA-rich phase separates into small unconnected domains.
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1. Introduction temperature increases markedly [8]. This calcium-induced
phase transition is abolished by including small amounts of

Although present in modest concentrations in typical bi- neutral lipids such as phosphatidylcholine (PC) in the mem-
ological solutions, calcium plays a key role in cellular mem- brane [8]. The resulting membrane is a fully miscible lipid
brane function. Calcium binds strongly to the anionic lipids Mixture [6,8,9]. As a result, PG/PC membranes may be de-
that make up a small but essential fraction of almost every SCribéd using standard Gouy—Chapman-Stern theory both in
biological membrane [1]. This binding has been shown to be the absence and the presence of calcium [5,6]. .

a key in processes such as nerve excitation, muscle contrac- Although a close structural relative to PG, phosphatidic
tion, and membrane fusion [2-4]. Like many examples ofion 2cid (PA) possesses surprisingly different properties. Due to
binding in biology, calcium:lipid binding is highly substrate- lower steric hindrance, PA lipids bind ions from solution

specific. Thus, the interaction between calcium and a host of With higher efficacy than do PG lipids [1]. While binding
anionic model biological membranes has been studied. between PA and calcium similarly occurs on a 1:1 basis, the

Calcium binding to membranes of phosphatidylglycerol r.esulting compleg has diﬁergnt charge properties. PA, which
(PG) lipid results in significant neutralization of membrane like ,PG_ bears a single negatlye chqrgg at ngutral pH, is a dou-
surface charge [5]. The pair bind in a 1:1 stoichiomet- bly ionizable molecule. Calcium binding displaces the sec-
ric ratio with a measured binding constant between 8.5 grgggon,rll?ivwg a neu;cral B?:@:’achompleé[l_(l)_]ﬁ unl(ljke
and 19.5 M1 [5,6]. These binding constants illustrate the : » Which has a net positive charge [5]. The adsorp-

strength of the PG:G4 interaction, as they are 1—2 orders tion of calcium induces a phase change in liquid crystalline

of magnitude higher than binding constants reported for PG PA membranes through the creation of a .t|ghtly packed gnd
. . . . well-ordered structure [10]. However, unlike the case with
and typical monovalent ions [7]. Calcium also induces a

. ) . . PG lipids, the addition of neutral PC to the membrane does
thermotropic change in PG behavior, as the gel transition . : ", .
not abolish this phase transition. Instead, experimental re-
sults suggest a lateral phase separation between a PC-rich
* Corresponding author. phase and a phase enriched in P& Caomplex, commonly
E-mail address: vandertk@princeton.edu (T.K. Vanderlick). referred to as the cochleate phase [3,11-13].
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The micropipette aspiration technique is a powerful tool the interior solution except that 170 mM glucose was sub-
for examining the properties of lipid membranes. It has stituted for the sucrose. Divalent ions are commonly found
been used to elucidate the effects that lipid chain unsatu-as trace impurities in even the purest commercially available
ration [14,15], lysolipid adsorption [16,17], and cholesterol sucrose and glucose. We attempted to quantify the concen-
inclusion [18] have on lipid membranes. In an earlier pub- tration of divalent impurities in our sugar solutions by spec-
lication, we used the technique to show the effects of elec- trophotometric assay [22]. Signals from sugar solutions were
trostatic interactions on the mechanical properties of model all below the assay detection limit and we consequently con-
membranes in monovalent electrolyte solutions [19]. In par- clude that impurity levels were less than 0.5 uM. We there-
ticular, we demonstrated that the tension required to rupturefore assume that the €awe add to the solution swamps
a vesicle decreased with increasing surface charge and modany impurities and the divalent concentration on both the in-
eled the effect using the concept of electrostatically induced side and outside of the vesicles is 10 uM.
tension. For mechanical characterization, suction pressures were

In this paper, we utilize the micropipette aspiration tech- applied to individual lipid vesicles via a small glass capillary.
nigue to study the effects of calcium adsorption on model Vesicles were first prestressed to take up all available mem-
membranes made of PG/PC and PA/PC mixtures. First, webrane area by applying”3of water suction pressure then
extend the electrostatic destabilization model to predict the returned to a less than2) of water. A kdScientific syringe
reduction in rupture tension for anionic vesicles in two- pump (New Hope, PA), previously calibrated with Validyne
electrolyte solutions and show the large effect of even low pressure transducers (Advanced Controls, Warminster, PA),
amounts of calcium in solution. Next, we use this model then increased the applied suction pressure at a constant rate
to analyze the mechanical properties of PG/P&/Qaem- of 0.015 mN'ms. The resulting vesicle deformation was
branes and show that the model describes the data well, thusecorded using the apparatus described earlier [19]. By op-
reaffirming the concept that electrostatic interactions desta-tically measuring the vesicle and pipette features and moni-
bilize lipid membranes. Finally, we show that the properties toring the applied suction pressure, one can calculate vesicle
of PA/PC/C&t membranes display an obvious deviation tension,r, and areal strainy, of the test subject [23]. These
from the electrostatic destabilization model. These mem- two properties were used to fink, the membrane areal
branes rupture at tensions that ar@5% lower than for elasticity, aner'.“eCh, the critical tension required for vesicle
PG/PC/C&t. We interpret this in terms of a lateral phase rupture.K was determined as the slope ofvs « for ten-
separation. By combining micropipette observations with sions greater than 0.5 myi. Critical tension was defined
fluorescence microscopy, we propose that the addition ofas the last tension recorded before vesicle rupture. Values
calcium to PA/PC membranes causes the phase separatioreported here are the average of approximately 20 vesicles
of PA:C&*t complexes into small, isolated domains. manipulated by at least two different micropipettes.

2.2. Fluorescenceimaging of lipid vesicles
2. Methods and materials
Vesicles were imaged with fluorescence optics in an at-
2.1. Micropipette aspiration measurements tempt to visualize phase coexistence. Vesicles were made
at the desired PA/PC ratio and included 1 mol% of either
We used the micropipette aspiration technique to measurel-palmitoyl-2-[12-[(7-nitro-2,1,3-benzoxadiazol-4-yl)ami-
the mechanical properties of anionic lipid membranes in the no]ldodecanoyl] phosphocholine (NBD-PC) or 1-palmitoyl-
presence of calcium. A description of the experimental tech- 2-[12-[(7-nitro-2,1,3-benzoxadiazol-4-yl)amino]dodecano-
nigue was given earlier [19]. We give a brief summary along yl]phosphatidic acid (NBD-PA). Except for the inclusion
with a few key changes in procedure here. of the fluorescent label, vesicles were identical to those
Vesicles were manufactured using a variation of the elec- examined by micropipette analysis. The same microscope,
troformation technique [20,21]. Neutral palmitoyloleoyl- camera, and software package described above were used in
phosphatidylcholine (POPC) was combined with anionic the collection and analysis of images. Filter cubes with ex-
lipids palmitoyloleoylphosphatidylglycerol (POPG) or pal- citation wavelengths of 465—495 nm and emission cutoff of
mitoyloleoylphosphatidic acid (POPA) in the desired ratios 535 nm were used and the focus plane was either the top or
and then deposited on platinum electrodes. Vesicles, com-the bottom of the vesicle under observation. Other experi-
monly 30-40 um in diameter, formed under the action of an mental details were identical to those described above.
applied alternating voltage.
The interior solution used to manufacture vesicles was 2.3. Materials
150 mM sucrose, 1 mM KCI, 20 uM Hepes, and 10 uM
CaCbp, titrated to pH 7.4 with KOH. This concentration of Lipids were purchased from Avanti Polar Lipids (Al-
calcium results in anionic lipid:[Ca ] ratios that range from  abaster, AL) and stored at8°C as~0.5 mg/ml chloroform
1:30 to 1:3. Prior to manipulation, vesicles were mixed with solutions. Exact lipid concentration was determined by spec-
an equal volume of exterior solution, which was identical to trophotometric assay. Water used was produced by a Milli-Q
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UF unit (Millipore, Bedford, MA) and had a resistivity of  free energy,f®, is known [26]. This value is commonly ap-
18.2 MQ cm. Unless otherwise stated, all other chemicals proximated using Gouy—Chapman theory. We use the deriva-
were from Sigma (St. Louis, MO), of the highest grade avail- tion of May [27] that was found following the method of

able, and used as received. Lekkerkerker [28], giving/®' of an anionic lipid monolayer
as
el eff l1-¢q
3. Resultsand discussion [T =2kTA > +In(p+4q) (2)
3.1. Modeling mechanical properties of anionic with p = 18%e2/(2caceokT) andg = /p? + 1, where®"
membranes in two-el ectrolyte solutions is the lipid fraction that is effectively charged (i.e., not neu-

tralized by ion binding)e is the elementary charge,is the

The following is a phenomenological model designed to area per lipid molecules is the inverse Debye length,is
predict the mechanical properties of anionic lipid vesicles in the dielectric constant, ari is the permittivity of vacuum.
solutions that contain both a 1:1 and 1:2 salt. We showed in aWe note that this approximation fof®' is chosen strictly
previous publication that lipid membranes that bear a surfacefor convenience; any of the Gouy-Chapman solutions will
charge have negligibly altered membrane stretch elasticitiesgive similar results. In fact, if we examine May’s formulation
but fail at lower applied tensions [19]. This critical tension for €' in the Debye—Hiickel limit (that isp < ¢ ~ 1), we
reduction reached up to 75% and was shown to scale with see f& ~ Aeﬁzez/(/caeeo), which is the commonly quoted
fraction of charged (unbound) lipid in the membrane. We “capacitor approximation” (e.g., see [29]) for electrostatic
presented a model for this occurrence based on an electrostamembrane free energy.
tically induced tension that was able to successfully describe ~ With £ in hand, the electrostatically induced membrane
micropipette data from PG/PC and PA/PC vesicles in mono- tension can be found through differentiation as
valent solutions (chelated KCI and TMACI solutions). The dre ATHE (g —1
present development extends the model to the case of an® = — =2 <—> 3)
agueous solution of monovalent and divalent ions. Although p
this deve|0pment is based on earlier ConceptS, we give a fu”Where the additional factor of 2 is to account for the two
derivation here for completeness. monolayers in a bilayer. In Eqg. (3) we see that the parame-

There are two key assumptions of the model. The first ter that sets®(and therefore the decrease #fi°°" from
is that regardless of their cause, bilayer tensions are simplyEd- (1) is2°", the effectively charged lipid fraction in the
additive quantities. Thus the total tension of a lipid mem- membrane. Because anionic lipids are partially neutralized
brane is simply the sum of the mechanical tension, such by ion binding, this quantity is a function of both the
as arises from micropipette aspiration, and an effective ten-anionic lipid fraction in the membrane, and the choice and
sion that arises from electrostatic interactions (as we will see concentration of electrolyte in solution.
below, this is equivalent to assuming the free energies of me- ~The relationship between andx®™ is found by consid-
chanical deformation and electrostatics are additive). This €ing the chemical equilibrium between lipid molecules and
electrostatically induced tension results from the membraneiONns in solution. Thus for the simplest case of a single mono-
dilation that follows the introduction of surface charges onto Valent cationC™ that binds 1:1 to singly charged lipid, the
a lipid membrane [24,25]. The second assumption is that charged fraction is found as
membranes rupture when a certain critical tension is reached ¢ A 4
and this critical value is unaffected by membrane surface T 1+ BT[CHlexp(—eyo/kT)’ 4)
charge. Together, these two assumptions essentially State\:/vhereBJr is the first-order binding constant, the brackets in-

that a charged lipid membrane behaves exactly as a neu-;. . . )
. ) " dicate bulk solution concentration, and the exponential func-
tral membrane (i.e., ruptures at a well-defined total critical

tension) that has an additional electrostatic tension applied tion accounts for the accumulation of cations at the interface
. ) . ) . PP "due to electrostatic attraction. Note that in this work, we ne-
Thus increasing the electrostatically induced tension, de-

. . lect both cation binding to neutral lipids and anion bindin
noted ag®, reduces the mechanical tensiefi*" that can g g P ¢

) " . to neutral and charged lipids.
be apphed' to the membr.ar?e before .the.total crmcal' tension It is straightforward to extend this concept to multicom-
to rupture is reached. This is embodied in the equation

ponent solutions if the binding characteristics of each in-
(1) dividual ion are known. Binding between PG and calcium
total , ) occurs on a 1:1 basis, leaving the resulting complex with a
wherez,”*is the total tension required to rupture the mem-  gjngle positive charge [5). As a result, the effective charged
brane, equivalent to the critical tension of a neutral mem- ¢5ction for a PG/PC membrane in a solution of 1:1 salt (de-

brane. o o noted asC*:C~) and 1:2 salt such as CaC{denoted as
Recalling that tension is simply the derivative of free en- C2+:2C™) is described by the equation

ergy with respect to membrane area, the value %fcan

i ; TR eff _ 1(1—BZH[C%H ] exp(—2evg/ kT))
be calculated if the electrostatic contribution to membrane A®" = T BT ICH expl—cvio KTV 1 B [C2 exp —2evia/kT) (5)

da a

mech__ _total el
7. =1, -7,
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whereB* andB?* are the binding constants to anionic lipid 03
of Ct andC?t, respectively, and we assume the two ions to
bind competitively. Note the factor of 2 in the exponential 0.30 1
attraction function forC%*; this partially accounts for the
large impact that divalents such as calcium have on charged g 025 | increasing [Ca®*]
interfaces. g

For the case of calcium binding to PA membranes, f 020
binding also occurs 1:1 [10]. However, PA, though singly ) ’
charged at neutral pH, is doubly ionizable. Calcium bind- =
ing rejects the second proton, leaving a neutrally charged g" 0.15
PA:C&* complex [10]. The resulting binding equation for 5
PA in a solution of a 1:1 and 1:2 salt such as Ga€lthus %t; 0.10 |
)‘Eﬁzl TrcT £ pENTSyEE . (6)

T BT[CTlexp—eyio/kT)+BZF[C2+] exp(—2evo/ kT) 005 |

Because binding is modulated by the surface potetitjal
Egs. (4)—(6) must be solved simultaneously with the Gouy 0.00
equation, 0 005 01 0I5 02 025 03 035 04
Siﬂh(e—%> — —ex®/a @) A » anionic lipid fraction

2kT ) /8NeeokT[CT]

] Fig. 1. Predictions of the effectively charged lipid fractiaSf, for PG/PC
where N is Avogadro’s number and we have assumed vesicles in 1 mM KCl and various concentrations of Gaq@, 0.1, 1,

[Ct]> [C2+]_ For calculations we assume negligible de- 10, and 100 pM). Predictions are based on the simultaneous solutions to
pletion of bothC* and €2+ (calculations show that under  Eds- (4). (5), and (7).
experimental conditions, a maximum of 7% of the calcium
in solution is bound to the interface). Once the value
is determined, itis inputinto Eq. (3), which predicts the elec-
trostatically induced tension in the membrane and thus the ol T
reduction in the mechanical tension that may be supported T
before rupture. 1
Equations (4)—(7) can be used to illustrate the tremendous ¢ [~
impact that even a small amount of calcium hasonthe charge = [~
characteristics of anionic membranes. Figure 1 shows asim-z | \
ulation of the binding characteristics of a PG/PC vesicle in
a 1 mM KCI solution with varying levels of calcium. Al-
though the effect saturates at large calcium concentrations,™g L
even trace levels of calcium drastically decrease membrane 4 |
charge, as the effectively charged lipid fraction decreases { I { {

12

mech (mN 'm
(=)}
/

20% when 1 uM C#" is added to solution. Because the
decrease imM"scales with®f, this suggests that the pres-
ence of calcium should greatly affect the mechanical prop-
erties of anionic lipid vesicles.

3.2. Mechanical properties of PG/PC vesicles 0.00 0.15 0.30 045

in calcium solutions PG fraction
) . o ) Fig. 2. Critical tension data for PG/PC vesicles in 1 mM KCI, 10 uM

We used the micropipette aspiration technique to measurecacy, (hollow symbols), and EDTA-chelated 1 mM KCI (solid symbols)
the areal stretch elastic modulds, and the applied mechan-  solutions. Lines are fits using the electrostatic destabilization model with
ical tension required to rupture™eh of PG/PC vesicles B =04 M~ and B%* = 85 M~1. EDTA-chelated data are from [19].
in 1 mM KCI, 10 pM CaC} solutions. Across all PG frac- Data points represent the averagetandard deviation.
tions tested (0.04-0.4), vesicle appearance was consistent
with a single-phase liquid crystalline membrane. Vesicles  The critical tensions of PG/PC membranes are shown in
were fluid (i.e., could not support surface shear), had linear Fig. 2. There is a small but clear decrease as the PG fraction
stress/strain relationships, and showed negligible hysteresigs increased from 0.04 to 0.40. Over this range, critical ten-
between increasing and decreasing applied pressures (datsion drops~20%. For comparison, also shown in Fig. 2 are
not shown). data from PG/PC vesicles in 1 mM KCI solutions that were
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chelated with EDTA to remove divalent ion impurities [19]. We demonstrated earlier that in the experimentally accessi-
As seen from the figure, the two data sets have similar shapedle range, electrostatic interactions are not expected to alter
but thezj.“eCh decrease for PG/PC/€amembranes is sub- K values [19]. The lack of an effect afon elasticity and the
stantially less than the 70% seen in the chelated case. numerical agreement between PG/PC vesicles in calcium-
Results from DSC [9] and NMR [6,8] demonstrate that rich and calcium-free solutions are thus expected. This, to-
membranes of PG/PC are completely miscible both in the gether with the excellent agreement of the modelagﬁ%Fh
absence and in the presence of calcium. The vesicles undedata seenin Fig. 2, combines with our results on anionic lipid
examination here are therefore homogeneous liquid crys-vesicles in monovalent electrolyte solutions [19] to produce
talline membranes whose surface charge is reduced due t@ large body of experimental evidence that indicates that
K+ and C&" binding. The material properties of the result- (1) electrostatic interactions have important consequences
ing partially neutralized membranes should be predictable for vesicle mechanical properties and (2) these consequences
using the electrostatic destabilization model developed in the can be successfully modeled based on the idea of an electro-
previous section. statically induced tension.
Before comparing our data and model on a quantitative
basis, it is instructive to compare the qualitative trends. The 3.3. Mechanical properties of PA/PC vesicles
model predicts that™e"should decrease in a nonlinear but  in calcium solutions
monotonic fashion as PG fraction is increased, as the data in
Fig. 2 show. Also, as is demonstrated in Fig. 1, calcium binds ~ The micropipette aspiration technique was used to deter-
efficiently to PG membranes. As a result, PG/PC/Ceesi- mine the physical properties of PA/PC vesiclesin 1 mM KClI,
cles should be much more neutralized and therefore more10 uM CaC} solutions. Figure 3 shows the tension required
stable than PG/PC membranes in chelated solutions. Com-+o rupture the membrane as a function of PA content. Critical
paring the two data sets in Fig. 2 shows that this is indeed tensions were relatively constant with respect to PA fraction
the case. (maximum change in™e"= 0.9 mN/m) and had an aver-
The two-electrolyte electrostatic model was used to quan- age value of 5.2 mMm. This is substantially lower than the
titatively fit the 7 "M data of PG/PC vesicles in 1 mM KClI average for PG/PC in the same buffer of 7.1 jniNfor com-
and 10 uM CaGl. There are three free parameters in the parison, the model fit for the PG/PC/&asystem is shown
model:7!°®, B+, andB?*. In previous micropipette exper-  in Fig. 3 by the solid line).
iments performed in EDTA-chelated solutions, we found In the context of the electrostatic destabilization model,
for PG/PC vesicles in 1 mM KCl was 0.4 M, whichwas  the identity of the lipid (i.e., PG vs PA) is irrelevant except in
in the range of literature values normally cited [19]. Set-
ting this value for the present experiments allows us to fit 10
the data by modulating only'°® and B%+. As shown by
the solid line in Fig. 2, we see excellent agreement between
our data and the model wheff® is set to 8.3 mMm and g |
B%* equals 8.5 M. This value oft!°®@, which is equiva-
lent to the critical tension required to rupture a neutral lipid
membrane, is somewhat higher than our previously reported
critical tension of POPC vesicles in a nonelectrolyte solution
of 6.6 + 1.4 mN/m [30]. The difference is attributable to ,
subsequent improvements in micropipette experimental de-
sign including the use of a syringe pump to apply a smooth, §Q 4 f
continuous pressure ramp rather than the abrupt and uneven ™
pressure increase that comes from modulating pressure by I "~
hand. More importantly, the value found f&* exactly i
corresponds to the one found by Lau et al. fofChind-
ing to PG membranes [5]. This suggests that we have suc-
cessfully captured the electrostatic effects @f#°" in the

/ /"

(mN/m)

two-electrolyte model. 0 ‘
The micropipette technique was also used to determine 000 005 010 015 020 025 030 035
the areal stretch elasticitk, of PG/PC vesicles as a func- PA fraction

tion of A. Similarly to results for PG/PC vesicles in chelated

solutions [19],K values measured for PG/PCARZamem- , = ,
. T . (shown by symbols). For comparison, the solid line is the best model fit

branes were not a ,funCtlon of amomc, “PId fra(_;tlon (data of PG/PC vesicles in the same buffer (fitting parametdr§:= 0.4 M-1,

not shown). Averaging across all PG lipid fractions tested p2+ _ g5 M-1)and the dashed line is the best model fit of PA/PC vesicles

gives an elasticity of 154 17 mN/m, similar to the value in EDTA-chelated 1 mM KCI solutiong+ = 0.8 M~1, from [19]). Data

of 144+ 15 mN/m found in the absence of calcium [19]. points represent the averagestandard deviation.

Fig. 3. Critical tension data for PA/PC vesicles in 1 mM KCI, 10 uM GaCl
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the determination of binding constants. Given that PA gener- ical stability similar to the~fivefold increase seen when
ally binds ions with a higher affinity than PG (1), th&ech single-component liquid crystalline membranes are frozen
data for PA/PC should lie slightly above the solid line in into the tightly packed gel phase [32]. Indeed, unless the
Fig. 3 instead of a uniform 25-33% below. The behavior of increase in cohesive forces compensates for the increase
PA/PC in 10 uM calcium also appears to conflict with results in repulsive electrostatic forces that result from concen-
from PA/PC vesicles in EDTA-chelated solutions (indicated trating PA, it is unclear that a cochleate phase would oc-
by the dashed line in Fig. 3). At low<0.2) PA fractions, cur at all. This leads to the conclusion that electrostatically
the addition of calcium actually lowers the mechanical sta- driven breakdown in the cochleate phase is unlikely. Addi-
bility rather than raise it. These facts clearly contradict the tionally, because anionic lipids are locally depleted, the PC-
electrostatic destabilization model, indicating that calcium rich liquid crystalline phase should actually have a higher
exerts some other effect on the membrane rather than simplez ™" than non-phase-separated membranes. We can there-
charge neutralization, an effect that significantly alters the fore dismiss breakdown in either of the phases as the rea-
mechanical properties of PA/PC membranes. son or lowered mechanical stability of PA/PCfCavesi-

The characteristics of PA/IPC membranes and their in- cles.
teraction with calcium solutions have been widely stud-  The second possible reason that #Gainduced phase
ied, in part because of a possible relevance to the mem-separation could lower the mechanical stability of lipid vesi-
brane fusion process [3]. Using primarily NMR, DSC, and cles is the effect of phase domain boundaries. Lipids located
fluorescence techniques, it has been shown that mixturesat the interface between gel and liquid crystalline phases ex-
of PA and PC lipids with the same tail composition (i.e., perience large density fluctuations [33]. These fluctuations
POPA/POPC, DMPA/DMPC) are fully miscible in chelated could serve as membrane defect nucleation sites, thereby
solutions but extensively phase separate in the presence ofowering vesicle mechanical stability. In an earlier work, we
calcium [11-13,31]. In particular, this phenomenon has beenshowed that the critical tension of two-component neutral
seen in eggPA/eggPC [3], which are natural mixtures dom- lipid membranes (POPC/DPPC mixtures) decreased when
inated by the lipids under examination here, POPA and vesicles were cooled from a single-phase liquid crystalline
POPC. We note one key exception found in the work of into the two-phase liquid crystalline/gel regime [34]. While
Garidel and Blume [31]. Instead of a phase separation, theseperhaps a coincidence, itis interesting to note that despite the
authors reported increasingly nonideal mixing in the fluid large differences between the two systenf&"is reduced
phase for 20% DMPA/80% DMPC membranes in 1-10 mM by ~30% on phase separation in both PA/PCfCand
electrolyte even with excess calcium. However, given the DPPC/POPC membranes. Thus a reduction in mechanical
number of observations of calcium-induced phase separationstability may be a general feature of two-phase membranes,
of PA/PC membranes in the literature and the fact that this implicating a nonspecific effect such as defect nucleation at
phenomenon uniquely affects PA/PC (and not PG/PC), we phase boundaries.

conclude that it is highly likely that the unusual mechanical  In addition to unusually low™"values, PA/PC vesicles
properties in Fig. 3 are due to the phase separated state oin calcium have areal stretch elastic moduli that differ from
PA/PC/C&" vesicles. other lipid systems. Althouglk values for PA/PC/C&

Under the hypothesis of phase separation, there are twoagain show no dependence on anionic lipid fraction, the av-
logical reasons for lowered values t;[f‘eCh, namely break-  erage value across all fractions tested was#3@ mN/m.
down in the interior of one of the phases and breakdown This is significantly less than the value for PG/PCICa
at the domain interface. In the first, electrostatic interac- vesicles of 154t 17 mN/m and for PA/PC in chelated so-
tions destabilize either the cochleate or the liquid crystalline lutions of 1524+ 13 mN/m [19]. Because electrostatic inter-
phase compared to a purely liquid crystalline membrane. actions have a negligible effect on lipid membrane elastic-
The cochleate phase is an obvious candidate as it is en-ty in the experimentally accessible range [19], the change
riched in PA. Although extensively neutralized in the pres- in K cannot be due to simple binding/charge neutraliza-
ence of calcium, the high local anionic lipid density could tion. Instead, this may be the result of the calcium-induced
provide relatively large local electrostatic interactions, po- lateral phase separation. Vesicle volume is assumed con-
tentially lowering the mechanical stability of that phase. Be- stant in micropipette aspiration experiments, an assumption
cause increasing the PA fraction in the membrane servesthat is usually justified [35]. However, Clerc and Thompson
to increase the amount of cochleate phase present but noshowed that vesicles in the liquid crystalline—gel coexistence
its composition, the stability of phase-separated membranesegime exhibited passive permeation an order of magni-
would theoretically be independent of PA fraction, as is tude greater than pure liquid crystalline membranes [33]. In-
seen in Fig. 3. We feel, however, that this scenario is un- creased solute transport across phase-separated membranes
likely. Lipids in the cochleate phase are tightly packed would resultin an artificial decrease in the calculated value
in the all trans configuration and are extremely motion- of K, which might be the cause of the lowered elasticities
ally restricted compared to the liquid crystalline phase [10, measured for PA/PC/G& membranes.

13]. This tight packing (and resulting increase in cohesive  Despite the widespread interest in calcium-induced phase
chain—chain interactions) should confer increased mechan-separations, little is known about the resulting membrane
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properties including the size and configuration of the sep- 4. Summary

arated lipid domains. Micromanipulation can offer some . . _

of two-phase coexistence, but to the structure and prop-and PA/RC lipid vesicles in the presence of excess calcium.
erties of the individual domains. For example, two-phase !N @ previous work, we developed a model for the effects

POPC/DPPC vesicles frequently appear nonspherical be-0f membrane electrostatic interactions on the vesicle me-
fore aspiration and have nonlinear stress/strain curves. Itchanics [19]. In particular, we predicted a decrease in the
was concluded that this was because the DPPC-enrichednEChan'Cal stability of lipid membranes with increasing sur-

gel phase is present as an extended percolated networkface charge.lln this paper, we extgnded that model to treat
providing a solid “skeleton” in the otherwise fluid mem- Membranes in two-electrolyte solutions.

brane [34]. In the case of phase-separated PA/PE/Ca For PG/PC vesicles in 1 mM KCl, 10 uM CaClolu-

membranes, these effects are absent. Prior to aspiration',['ons’ we found that the tension required for rupture de-

0, I 1 i i _
membranes always appear perfecty spherical and show CUSEe Y ZUE Lt HEEERNA P L RN S SRR
small thermal fluctuations that are typical for liquid crys- '

. . : : > in t"Nof 70% over the same compositional range. In both
talline vesicles. Linear stress/strain curves were obtained _ ¢ : . i
: . cases, elastic moduli are independent of membrane compo-
at all PA fractions (data not shown). This suggests one of

three things about cochleate domains in PA/P&lCaesi- S|t|0|f1.a.nd show 'de"‘“c"?" va!ues. We showed that the Iqrge
. o : ; stabilizing effect of calcium is due to charge neutralization
cles. First, despite literature evidence suggesting the con-

i h ic| t oh ted. Whil from calcium binding, as critical tension data can be well fit
rary, pernaps our vesicies are not phase separated. IE‘by the two-electrolyte model. These data provide solid fur-
possible, we find this doubtful, as we could no longer ex-

lain thermech aff - d. th hi ther evidence of the destabilizing effect that intramembrane
plain ther, = effects seen In F'g 3. Se_con » the cochleate g)q trostatic interactions have on lipid membranes. Due to
phases may be perfectly fluidlike. This would be some-

Y -y A the prevalence of anionic lipid in biological membranes, we
what surprising, considering the tightly packed and well- .htand that the effects of membrane electrostatics must be
ordered nature of the phase. Finally, the cochleate phase,gnsidered in any discussion of membrane mechanics.

may be present in small, disconnected domains. In this  ror membranes of PA/PC mixtures, very different results
configuration, the cochleate phase could have completely,yere obtained. Calcium had a significant effect8¥h but
solidlike properties and still not give POPC/DPPC-like be- ¢omparison to the chelated case shows that mechanical sta-
havior. bility is lowered for low PA fractions, rather than increased.

In an attempt to learn more about the configuration of The elastic moduli are again independent of PA fraction but
the lipid domains in PA/PC/C4 membranes, tagged vesi- are 5-12% lower than elasticities obtained with other an-
cles were visualized with fluorescence microscopy. This jonic vesicles. We describe these effects using the concept of
technique has been used to see phase separation in a nunphase separation between a PC-rich liquid crystalline phase
ber of immiscible lipid mixtures [34,36,37]. Vesicles made and a PA:C&"-rich cochleate phase. By combining micro-
from PG/PC mixtures appeared homogeneous both in themanipulation and fluorescence microscopy, we postulate that
presence and in the absence of calcium, consistent withthe cochleate phase is present in the form of small discon-
single-phase membranes (data not shown). The same isected domains.
true for PA/PC vesicles in EDTA-chelated solutions (data
not shown), again consistent with the phase diagram for
calcium-free PA/PC membranes. Acknowledgments
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