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Strength of Ca®* Binding to Retinal Lipid Membranes: Consequences for
Lipid Organization
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ABSTRACT There is evidence that membranes of rod outer segment (ROS) disks are a high-affinity Ca®" binding site. We
were interested to see if the high occurrence of sixfold unsaturated docosahexaenoic acid in ROS lipids influences
Ca®"-membrane interaction. Ca®>* binding to polyunsaturated model membranes that mimic the lipid composition of ROS
was studied by microelectrophoresis and ?H NMR. Ca®" association constants of polyunsaturated membranes were found
to be a factor of ~2 smaller than constants of monounsaturated membranes. Furthermore, strength of Ca®* binding to
monounsaturated membranes increased with the addition of cholesterol, while binding to polyunsaturated lipids was
unaffected. The data suggest that the lipid phosphate groups of phosphatidylcholine (PC), phosphatidylethanolamine (PE),
and phosphatidylserine (PS) in PC/PE/PS (4:4:1, mol/mol) are primary targets for Ca®*. Negatively charged serine in PS
controls Ca 2* binding by lowering the electric surface potential and elevating cation concentration at the membrane/water
interface. The influence of hydrocarbon chain unsaturation on Ca®" binding is secondary compared to membrane PS content.
Order parameter analysis of individual lipids in the mixture revealed that Ca®* ions did not trigger lateral phase separation of
lipid species as long as all lipids remained liquid-crystalline. However, depending on temperature and hydrocarbon chain
unsaturation, the lipid with the highest chain melting temperature converted to the gel state, as observed for the monoun-

saturated phosphatidylethanolamine (PE) in PC/PE/PS (4:4:1, mol/mol) at 25°C.

INTRODUCTION

Ca** ions act as intracellular messengers that relay infor-
mation within cells to regulate their activity (Berridge et al.,
1998). This applies in particular to the regulation of the
photoresponse of retinal rod outer segments (ROSs). Activ-
ity of several enzymes in the signal transduction pathway of
the visual system is regulated by internal Ca®>* concentra-
tion (Kawamura, 1992; Hsu and Molday, 1993; Ichikawa,
1994; Koch and Stryer, 1988). Internal Ca®" is tightly
controlled by cation channels and Na*-Ca?*-K* exchang-
ers in the ROS plasma membrane (Yau and Nakatani,
1985). The Ca®" concentration in cells is buffered by nu-
merous binding sites. It has been suggested that negative
electric charges at the membrane-water interface of ROS
discs bind most of the intracellular Ca®* ions (Schnetkamp,
1985). When Ca®* channels open, waves of high Ca**
concentration propagate away from the channel’s mouth
(Berridge et al., 1998). Most likely, the buffer capacity of
ROS membranes for Ca®>* is a major factor that determines
the velocity of propagation of such Ca’* gradients
(Ichikawa, 1996; McLaughlin and Brown, 1981).

Ca’* binding to acidic and zwitterionic phospholipid
membranes has been intensively studied (McLaughlin et al.,
1981; Ohki et al., 1982; Altenbach and Seelig, 1984; Seelig,
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1990). It was established that acidic phospholipid mem-
branes bind Ca®" with high affinity, while Ca®>" binding to
zwitterionic membranes appears to be weak. An important
contributing factor in binding to negatively charged mem-
branes is the increased cation concentration near negatively
charged surfaces that can be explained by the Gouy-Chap-
man theory of the electric double layer (McLaughlin et al.,
1981; McLaughlin, 1977). Ca®* binding to zwitterionic
lipids is weak because the positive charge of bound Ca®*
ions reduces unbound Ca®" concentration near the lipid-
water interface. After correction for differences in electric
surface potentials, the intrinsic Ca®" binding constant of PC
is similar to those of the acidic PS (Seelig, 1990; Altenbach
and Seelig, 1984).

ROS disk membranes deviate significantly from other
cell membranes in their fatty acid composition. From 20 to
50% of all fatty acids in the phospholipids are docosahexae-
noic acid (22:6) (DHA), a long-chain, highly unsaturated w3
fatty acid that is essential for neural development and func-
tion (Fliesler and Anderson, 1983; Salem and Ward, 1993;
Salem and Niebylski, 1995). Phospholipid membranes that
contain large amounts of polyunsaturated lipids have unique
biophysical properties that may enhance or reduce the ca-
pability of these lipids to act as binding sites for Ca®>". In
particular, polyunsaturated lipids have a larger area per
molecule (Holte et al., 1995; Separovic and Gawrisch,
1996; Koenig et al., 1997) and a very different response to
the addition of cholesterol (Huster et al., 1998). Further-
more, Ca>* may have different effects on area per molecule
in mono- and polyunsaturated lipids. We have reported
earlier that the addition of Ca®" ions increases hydrocarbon
chain order, equivalent to a reduction in lipid area per
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molecule (Huster et al., 1997). It was suggested that the
affinity of divalent cations for PS decreases with increasing
lipid chain unsaturation because unsaturation increases area
per lipid molecule and thus decreases the surface charge
density of the liposomes (Casal et al., 1989).

The three major phospholipids in ROS membranes are
phosphatidylcholine (PC), phosphatidylethanolamine (PE),
and phosphatidylserine (PS) at a molar ratio of ~4:4:1. The
average cholesterol content is ~10 mol% (Fliesler and
Anderson, 1983; Albert et al., 1996). In a recent study, we
characterized the lateral organization of mono- and polyun-
saturated PC/PE/PS (4:4:1, mol/mol) membranes in the
presence and absence of cholesterol by NMR. We reported
evidence for the existence of short-lived cholesterol/PC
microdomains in polyunsaturated PC/PE/PS/cholesterol
membranes (Huster et al., 1998). Considering the impor-
tance of Ca’" binding to these membranes, it was ques-
tioned whether the lateral lipid organization in these mem-
branes is also influenced by Ca’*-lipid interaction.
Numerous studies on Ca®*-induced demixing of acidic and
zwitterionic phospholipids have been carried out (Hui et al.,
1983; Tokutomi et al., 1981; Feigenson, 1989; Coorssen
and Rand, 1995; van Dijck et al., 1978; Silvius and Gagne,
1984a,b; Tilcock et al., 1984). It was reported that Ca?*
binding segregates the negatively charged PS into gel-phase
domains that are depleted of zwitterionic lipids (Coorssen
and Rand, 1995; Feigenson, 1989; Silvius and Gagne,
1984a,b; Hauser and Shipley, 1984; Casal et al., 1987).
Very little is known about the influence of Ca?* on lateral
lipid organization of polyunsaturated membranes. Tilcock
et al. suggested that a segregation of PS may not be possible
for more unsaturated PS molecules (Tilcock et al., 1984).

In this study, we investigated Ca>* binding to complex
mixtures of monounsaturated 18:0—18:1 PC/PE/PS (4:4:1,
mol/mol) and polyunsaturated 18:0-22:6 PC/PE/PS (4:4:1)
mixtures in the presence and absence of 10 mol% choles-
terol. Association constants of Ca®" binding were derived
from electric surface potential measurements. The influence
of Ca®" binding on lipid packing was investigated by *H
NMR order parameter measurements. The order parameters
of deuterated stearic acid chains in the sn-1 position of PC,
PE, and PS were determined individually. Changes in chain
order were recorded as a function of Ca®" concentration and
cholesterol content. Order parameters of phospholipids in
the mixture were analyzed for signal superposition and
order differences between lipid species. Ca*>* binding raises
lipid order parameters. The selective increase in chain order
for one of the lipids in the mixture would be a reflection of
a preferential Ca®" interaction with this lipid and, most
likely, demixing of lipid species.

MATERIALS AND METHODS
Materials

The phospholipids 1-stearoyl-2-oleoyl-sn-glycero-3-phosphocholine (18:
0-18:1 PC), 1-stearoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine (18:
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0-18:1 PE), 1-stearoyl-2-oleoyl-sn-glycero-3-phosphoserine (18:0-18:1
PS), I-stearoyl-2-docosahexaenoyl-sn-glycero-3-phosphocholine (18:0—
22:6 PC), I-stearoyl-2-docosahexaenoyl-sn-glycero-3-phosphoethanol-
amine (18:0-22:6 PE), and 1-stearoyl-2-docosahexaenoyl-sn-glycero-3-
phosphoserine (18:0-22:6 PS) were purchased from Avanti Polar Lipids
(Alabaster, AL) and used without further purification. The subscript d35
denotes a perdeuterated stearic acid chain in the sn-1 position. Lipid purity
was checked by high-performance liquid chromatography before and after
the experiments and was judged to be near 98%. The phospholipids
containing DHA were stored in organic solvent at —60°C with butylated
hydroxytoluene (BHT) added at a lipid/BHT molar ratio of 250:1 to
prevent DHA oxidation.

Sample preparation

DHA-lipid sample preparation was carried out in a Plexiglas glove box
under an argon atmosphere. Known quantities of each lipid dissolved in
organic solvent were mixed in a glass tube. The organic solvent was
removed under a stream of argon. The lipid films were redissolved in ~500
ul cyclohexane (depleted in oxygen by aeration with argon), and the
solution was frozen in liquid nitrogen. Samples were freeze dried at a
pressure of 50 um Hg for at least 4 h, resulting in a fluffy lipid powder.
Small aliquots of lipid (1 wt%) were dispersed in a buffer solution con-
taining 100 mM NaCl and 10 mM HEPES buffer, adjusted to pH 7.4, and
the appropriate amount of Ca®>*. To ensure equilibration of calcium con-
centration inside and outside the multilamellar liposomes, the buffer con-
tained the calcium ionophore A23187 (10 wl of a 2 mg/ml dimethyl
sulfoxide solution per ml buffer; see Pressman, 1976; Tilcock et al., 1984,
1988). Samples were equilibrated in 10 freeze-thaw cycles. Suspensions
were centrifuged at 27,000 X g, and the lipid pellets were transferred to
S-mm glass sample tubes that were sealed with a ground glass joint and
cap. We coated the ground glass joint with a thin film of Teflon grease to
prevent oxygen from entering the sample, and we secured the cap with a
layer of Parafilm.

Microelectrophoresis

Surface potential measurements were performed on a Mark II apparatus
from Rank Brothers (Bottisham, UK), using a cylindrical cell. Multilamel-
lar liposome dispersions prepared as described above were diluted to a
concentration of 0.01 wt%, using the same buffer. Before the measure-
ments, the cell was flushed thoroughly with the appropriate Ca®"-contain-
ing buffer solution to eliminate an influence from Ca?* binding to glass
surfaces. Measurements were conducted from low to high Ca®" concen-
tration. The electric field strength along the capillary was measured with a
high input resistance electrometer (Keithley, Cleveland, OH). Data points
represent the average of backward and forward velocities of 10 particles.
The {-potentials were calculated using the Helmholtz-Smoluchowski equa-
tion (Aveyard and Haydon, 1973):

(== )

€&

where u is the electrophoretic mobility, n is the water viscosity, € is the
relative permittivity of water, and ¢, is the permittivity of vacuum. All
measurements were carried out at 25°C.

2H NMR spectroscopy

The 2H NMR spectra were acquired on a Bruker DMX300 spectrometer
(Billerica, MA) at a frequency of 46.06 MHz and a spectral width of 200
kHz, using a high-power probe with a 5-mm solenoid coil. A phase-cycled
quadrupolar echo pulse sequence was used (Davis et al., 1976), with 2.1-us
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90° pulses, a 50-us delay between pulses, and a relaxation delay of 0.5 s.
DePaked spectra (Sternin et al., 1983) were calculated using the algorithm
of McCabe and Wassall (1995). Chain segment order parameters were
determined from the relation

Ay,
S(n) = 3 40’ (2)

4 h

where e’>qQ/h is the quadrupolar coupling constant (167 kHz for deuterons
in the C-°’H bond). Smoothed order parameter profiles were computed
according to the method of Lafleur et al. (1989). Average order parameters
were calculated by adding all order parameters and dividing them by the
number of deuterated carbons in the chain. Unless stated otherwise, the
NMR measurements were carried out at a temperature of 25°C. All data
processing starting from the manipulation of the free induction decay was
done with a program written for Mathcad (Mathsoft, Cambridge, MA).

Calculation of area per molecule

The average chain length, (L), defined as the projection of the chain on the
bilayer normal, is calculated from the average order parameter according to

(L) =1(0.5 +(S)). 3)

In Eq. 3, /is the length of an all-frans chain calculated from / = m* 1.27
A, where m is the number of carbons in the chain and 1.27 A is the distance
between neighboring carbons (Bunn, 1939). The area per lipid is deter-
mined from

V V

4= (L)~ 1(0.5 +{S))’ “)
where V' is the lipid chain volume. The lipid chain volume, 7, of mono- and
polyunsaturated mixed chain lipids was calculated from data obtained in a
combined analysis of x-ray and ’H NMR experiments on pure 18:0—18:1
PC and 18:0-22:6 PC (Koenig et al., 1997). The area per lipid for
18:0—18:1 PC is 4 = 61.4 A% at {(S) = 0.158, and for 18:0-22:6 PC it is
A4 = 68.0 A% at (S) = 0.149. We assumed that the chain volume, V, is
independent of lipid mixing and the presence Ca>* ions and that changes
in order parameters of individual lipids reflect changes in area per molecule
of these lipids that can be calculated with Eq. 4.

THEORY
Analysis of Ca®* binding to membrane surfaces

The surface charge density of liposomes in the presence of
Ca®" was calculated from the measured {-potential by the
Graham equation:

. egyl
o= )\D s (5)

where Ap is the Debye length. The surface concentrations of
sodium, [Nalg, and calcium, [Ca]g, were calculated accord-
ing to the Boltzmann distribution law,

[Nals = [Na]oexp(—F¢/RT) (6a)

[Cals = [Calyexp(—2F/RT), (6b)

3013

where [Na], and [Ca], are the bulk Na* and Ca®" concen-
trations, F is Faraday’s constant, R is the gas constant, and
T is the absolute temperature.

For the Na™ and Ca”* binding analysis, it was assumed
that PC, PE, and PS have identical intrinsic association
constants for the cations. It was further assumed that Na™*
forms a 1:1 complex with the phospholipid. Na* binding
reduces the surface concentration of free phospholipid,
{PL} o, that is calculated by the mass action law according
to

PL _ {PL}total 7
{ }free - 1+ kNa[Na]S. ( )

Concentrations that are reported in moles per unit of
surface are given in curled braces, and concentrations that
are reported in moles per liter are given in square brackets.
The total area concentration of phospholipid in the mem-
brane, {PL},...;» Was calculated from the area per phospho-
lipid molecule according to {PL}, ., = 1/9(44pc + 44pg +
Apg). The calculation of lipid area per molecule, Apc/pg/ps»
has been described above. For cholesterol-containing sam-
ples, an area per cholesterol molecule of 37.7 A? was
assumed (Smaby et al., 1997). The Na™ binding constant,
kn, Was determined from {-potential measurements in the
absence of Ca*".

For the analysis of divalent Ca*" binding a 1:2 stoichi-
ometry of Ca’*-lipid complexes was assumed. The net
surface charge of the lipid bilayer is the sum of the surface
charges of free phospholipids, {PL}.., phospholipid/Na
complexes, {PLNa}, and phospholipid/Ca*" complexes
{(PL),Ca} according to

{PL}free

8 8
- 9 T g{PLNa}+{(PL),Ca}.  (8)

o
e

For simplicity, we assumed that the effective charge of
every lipid in the PC/PE/PS (4:4:1, mol/mol) mixture is
—e/9, where e is the elementary charge. The concentration
of Ca?"-lipid complexes is related to the Ca®" association
constant according to

{(PL)an}{PL}tota]
{PL}%ree[Ca]S ' (9)

The total lipid surface concentration is

{PL}total = {PL}free + {PLNa} + 2{(PL)2C3-} (10)

kCa = Ea{PL}total =

The system of Eqs. 5-10 allows the calculation of the Ca**
association constant, k,. Calculations were conducted with
Mathcad (Mathsoft, Cambridge, MA).

RESULTS
Ca®* binding to PC/PE/PS mixed bilayers

In Fig. 1, the influence of Ca®* binding on the {-potential of
mixed phospholipid membranes with and without added
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FIGURE 1 Increase in {-potentials due to Ca?* binding to 18:0-18:1

PC/PE/PC membranes (4:4:1, mol/mol) (A, ) and 18:0-22:6 PC/PE/PS
membranes (4:4:1) (A, [J) in the presence (A, A) and absence (M, [J) of
10 mol% cholesterol at 25°C.

cholesterol is shown. With increasing Ca®" concentration,
the {-potential of all membranes becomes less negative. The
{-potentials of monounsaturated mixtures are lower than
those of polyunsaturated mixtures. The addition of 10 mol%
cholesterol to the phospholipid mixtures lowered the {-po-
tential of monounsaturated lipids but had no measurable
influence on the {-potential of polyunsaturated lipids.

Data were analyzed in terms of a Na* and Ca®" binding
constant as explained above. The values are reported in
Table 1. Polyunsaturated membranes bind cations with
about twofold lower binding constants compared to mono-
unsaturated membranes. The addition of cholesterol to
monounsaturated membranes increases Ca®" binding con-
stants but has no measurable effect on binding in the equiv-
alent polyunsaturated mixture. In Fig. 2, isotherms for bind-
ing of Na* and Ca®" to the monounsaturated lipid mixture
in the presence of cholesterol are shown. Increasing Ca**
bulk concentration leads to an increase in the number of
bound Ca®" ions, while displacing bound Na* ions from the
membrane surface. The results for the other lipid mixtures
are qualitatively similar.

2H NMR order parameters

We studied lipid chain order of all three phospholipid spe-
cies in the membrane mixture by individual ?H-labeling of

TABLE 1 Na* and Ca?* binding constants at 25°C of mono-
and polyunsaturated PC/PE/PS mixtures (4:4:1, mol/mol) in
the presence and absence of 10 mol% cholesterol

kg M) kea (M7
Mixture — 10 mol% — 10 mol%
18:0-18:1 022 +0.03 0.22+0.02 8.05*+1.04 11.52+0.88
18:0-22:6  0.11 £ 0.01 0.09 =0.01 4.26 =0.75 427 +0.70
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FIGURE 2 Number of bound Na™ (¥) and Ca*>* (M) ions per lipid for
monounsaturated 18:0-18:1 PC/PE/PS/cholesterol (4:4:1:1, mol/mol)
membranes as a function of bulk Ca>* concentration. Because of the larger
Ca”" binding constant and the larger relative increase in Ca®>" concentra-
tion near the negatively charged surface, the Na™ ions are forced from the
membrane by competing Ca®" ions. Binding isotherms were derived
assuming that Na™ ions form 1:1 phospholipid/Na* complexes and Ca**
ions form 2:1 phospholipid/Ca®" complexes.

the stearic acid chain in PC, PE, or PS. Fig. 3 shows the ’H
NMR powder spectra of PE in mono- and polyunsaturated
PC/PE/PS mixtures in the presence and absence of 5 mM
Ca?". ?H NMR spectra of monounsaturated phospholipids
show larger quadrupolar splittings than polyunsaturated
mixtures, indicating higher lipid chain order.

The addition of Ca®” ions to the polyunsaturated mixture
resulted in very small changes in sn-1 chain quadrupole
splittings (spectra C and D). In contrast, the addition of 5
mM Ca’* to monounsaturated mixtures partly converts the
PE into the gel phase at 25°C, as seen from the superposi-
tion of the broad gel phase pattern in spectrum B. No such
conversion was observed for PC and PS (spectra not
shown). Raising the temperature to 30°C converted the
gel-phase PE back into the liquid-crystalline state.

H NMR powder spectra were dePaked (McCabe and
Wassall, 1995), and smoothed order parameters for the
stearic acid chain were calculated (Lafleur et al., 1989). Fig.
4 shows typical order parameter profiles for mono- and
polyunsaturated PC/PE/PS/cholesterol (4:4:1:1) mixtures in
the absence (Fig. 4 4) and presence (Fig. 4 B) of 5 mM
calcium. Small order parameter differences between lipid
species are observed for monounsaturated mixtures in the
presence and absence of Ca>*. The addition of either Ca**
ions or cholesterol raises the hydrocarbon chain order of all
three phospholipids.

In polyunsaturated lipid mixtures, order differences are
small in the absence of cholesterol. The addition of 10
mol% cholesterol raises the order of 18:0-22:6 PC much
more than it does the order of other lipid species (Fig. 4 4).
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FIGURE 3 2H NMR powder spectra of sn-1 chain perdeuterated PE ;5
in mono- and polyunsaturated membrane mixtures of PC/PE ;5/PS (4:4:1,
mol/mol) at 25°C. (4) Monounsaturated mixtures in the absence of Ca®".
(B) The addition of 5 mM Ca?" partly converts the monounsaturated PE
into the gel phase. (C) Polyunsaturated mixtures in the absence of Ca®".
(D) Polyunsaturated mixtures in the presence of 5 mM Ca®*.

After the addition of 5 mM Ca®", these differences disap-
pear (Fig. 4 B). Results of the order parameter investigations
on all phospholipid mixtures are summarized in Table 2.

Ca?*- and cholesterol-induced changes in area
per lipid molecule

From the average order parameters, the cross-sectional area
per lipid molecule in the mixture was calculated according
to the procedure described in Materials and Methods. Data
are given in Table 3. The area per lipid molecule in the
membrane is significantly larger for polyunsaturated phos-
pholipids than for monounsaturated phospholipids. Further-
more, the addition of cholesterol to monounsaturated lipids
results in larger area condensation. In monounsaturated
lipids, the order increase after the addition of 5 mM Ca®"
ions is equivalent to a decrease in area per molecule of ~1
A?. In contrast, the packing of polyunsaturated mixtures
without cholesterol is hardly influenced by Ca?”" interac-
tion. In the presence of cholesterol, the addition of Ca**
ions increases the area per molecule of PC by 0.4 A? and
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FIGURE 4 Stearic acid ?H NMR order parameter profiles of 18:0—18:1
PC/PE/PS/cholesterol mixtures (4:4:1:1, mol/mol) (A, V, [J) and 18:0—
22:6 PC/PE/PS/cholesterol mixtures (4:4:1:1) (A, ¥V, H) in the absence (4)
and presence (B) of 5 mM Ca®*. Order parameter profiles are measured for
PC (W, ), PE (A, A), and PS (V, V) individually. Order parameter
differences between lipids in the polyunsaturated mixture are the result of
a preferential interaction between cholesterol and PC (Huster et al., 1998).
The addition of 5 mM Ca®* ions abolishes this preferential interaction.

reduces the area per molecule of PE and PS by 0.5 A and
0.3 A?, respectively.

DISCUSSION

Calcium binding to mono- and
polyunsaturated phospholipids

Ca?” ion binding to membranes is determined primarily by
the electrical surface potential and secondarily by the bind-
ing affinity of lipids. The negatively charged surface poten-
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TABLE 2 Average order parameter* of perdeuterated stearic acid in mono- and polyunsaturated PC/PE/PS mixtures (4:4:1,
mol/mol) and PC/PE/PS/cholesterol mixtures (4:4:1:1, mol/mol) in the presence and absence of 5 mM Ca?* at 25°C

Sav Sav Sav Sﬁ‘/
Cholesterol — — 10 mol% 10 mol%
Ca** — 5 mM AS,, — 5 mM AS,,

18:0-18:1

PCy55/PE/PS 0.196 0.206 +0.010 0.226 0.234 +0.008

PC/PE 455/PS 0.201/0.1827 gel/0.1927 +0.0107 0.238 0.251 +0.013

PC/PE/PS 435 0.204 0.216 +0.012 0.231 0.242 +0.011
18:0-22:6

PCy4;5/PE/PS 0.162 0.163 +0.001 0.186 0.182 —0.004

PC/PE4;5/PS 0.159 0.160 +0.001 0.175 0.180 +0.005

PC/PE/PS 455 0.169 0.172 +0.003 0.178 0.181 +0.003

*The experimental error is =0.002.
"Measurement at 30°C.

tial raises the Ca>* ion concentration near the surface. As a
result, Ca®" binding to all lipids in the membrane increases.
On the basis of previously published results (Altenbach and
Seelig, 1984; Seelig, 1990), we assumed that one Ca®* ion
binds two phospholipids, and that binding affinities of zwit-
terionic and negatively charged phospholipids are identical.
The latter assumption is strongly supported by our °H NMR
order parameter measurements in the presence of Ca®* ions,
which indicate an order increase of all phospholipids in the
mixture. We propose that Ca>* ions bind primarily to the
negatively charged lipid phosphate groups of all phospho-
lipids, independent of their headgroup charge.

Binding constants of cations binding to polyunsaturated
phospholipids are a factor of ~2 lower than binding con-
stants of cations binding to monounsaturated phospholipids.
Furthermore, the addition of 10 mol% cholesterol to the
membranes increases binding constants of cations binding
to monounsaturated lipids but has no measurable effect on
cation binding to polyunsaturated lipids. These changes in
cation binding parallel the influence of polyunsaturation and
cholesterol on the area per lipid molecule. The smaller area
per phospholipid in monounsaturated mixtures appears to
favor Ca®" ion binding, and further reduction of phospho-
lipid area due to the addition of cholesterol increases the
binding constant. In contrast, polyunsaturated membranes
show much less area reduction after the addition of choles-
terol and no measurable change in Ca®>* binding.

Binding constants of the monovalent Na™ ions are more
than one order of magnitude smaller than binding constants
of the divalent Ca®>" ions. Furthermore, because of their
larger positive charge, the relative increase in Ca®" ion
concentrations near the surface is higher than the corre-
sponding increase in Na™ concentration. As a consequence,
the divalent cations are more successful in binding to the
bilayer surface compared to monovalent cations, despite
their much lower concentration in the electrolyte solution
(see Fig. 2).

Overall, differences in cation binding to mono- and poly-
unsaturated membranes are much smaller than the differ-
ences in binding constants would suggest. The differences
are very much attenuated by changes in the electrical sur-
face potential due to cation binding. Stronger binding to
phospholipids reduces the negative potential. Consequently,
the cation concentration near the membrane decreases, and
fewer cations are bound to the membrane surfaces. There-
fore, it is fair to state that the content of negatively charged
lipids is more important for cation binding than are the
calculated differences in cation binding constants.

Influence of Ca®* binding on lateral lipid
organization and lipid order

Lateral separation of lipids into gel-phase domains or lig-
uid-crystalline clusters was studied by chain order parame-

TABLE 3 Area per lipid molecule (given in Az) in mixtures of PC/PE/PS in the presence and absence of 10 mol%

cholesterol at 25°C

APC APE APS APC APE APS
Cholesterol — — 10 mol% 10 mol% 10 mol%
18:0-18:1, no Ca®* 58.0 59.2% 57.4 55.7 54.7 55.3
18:0-18:1, 5 mM Ca** 57.2 58.4 56.4 55.0 53.8 54.4
18:0-22:6, no Ca** 67.8 68.2 67.1 65.5 66.5 66.2
18:0-22:6, 5 mM Ca>* 67.7 68.0 66.8 65.9 66.0 65.9
*At 30°C.

The lipid area per molecule was calculated from order parameter changes compared to pure 18:0—18:1 PC (4 = 61.4 A?) and 18:0-22:6 PC (4 = 68.0
A?), as determined from a combined 2H NMR and x-ray approach (Koenig et al., 1997) (see Materials and Methods for details).
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ter analysis of the lipids in the mixture. Formation of
gel-phase domains or large liquid-crystalline clusters with
diameters much bigger than 50 nm results in signal super-
position from the lipids in different environments that is
easily detected. When clusters are less than 50 nm in diam-
eter, lipid molecules exchange rapidly between different
environments on the NMR time scale, resulting in a single,
well-resolved chain order profile for every lipid in the
mixture. Formation of significant quantities of smaller clus-
ters is detected when absolute values of chain order param-
eters between the lipids in the mixture are compared. Lipid
order parameters depend heavily on the statistics of next-
neighbor interaction between lipid species. The average
order parameters of pure lipids with identical hydrocarbon
chains but different headgroups deviate to a significant
extent (Huster et al., 1998). Typically, membranes that are
enriched in PE have the highest lipid order (Separovic and
Gawrisch, 1996), with a lower order for PS and an even
lower order for PC-enriched membranes (Huster et al.,
1998). In homogenous lipid mixtures, lipid hydrocarbon
chain orders of all lipid species approach identical values. In
clusters the lipids interact preferentially with a limited spec-
trum of other lipids. As a consequence, the differences in
average order parameters between lipids remain large (Hus-
ter et al., 1998). Independent confirmation for the link
between lipid chain order and lateral organization was ob-
tained by nuclear Overhauser enhancement spectroscopy
(Huster et al., 1998).

After the addition of 5 mM Ca?" ions to the monounsat-
urated PC/PE/PS mixture, part of the zwitterionic PE
formed gel-phase domains, while the acidic PS and the
zwitterionic PC remained liquid-crystalline. An increase in
temperature of just 5°C was sufficient to return the PE to the
liquid-crystalline state. In previous investigations, a segre-
gation of the charged phospholipid into gel-phase domains
was typically related to the lipid headgroup charge (Hui et
al., 1983; Tokutomi et al., 1981; Feigenson, 1989; Coorssen
and Rand, 1995; van Dijck et al., 1978; Silvius and Gagne,
1984a,b; Tilcock et al., 1984). In contrast, we propose that
the conversion of lipids to the gel state is directly linked to
their individual phase transition temperatures. The 18:0—
18:1 PE is the phospholipid with the highest phase transition
temperature. Ca®" ion binding further increases phase tran-
sition temperatures (Chapman et al., 1977) and drives this
lipid into gel-phase domains. The observation that Ca**
triggered conversion of PE to the gel phase is further con-
firmation that Ca®" ions bind to both negatively charged
and zwitterionic lipids.

Provided that all lipids stay in the liquid-crystalline
phase, there is no indication that the addition of Ca*" ions
triggers the formation of lipid clusters. In both mono- and
polyunsaturated PC/PE/PS lipid mixtures, differences in
hydrocarbon chain order after the addition of Ca** ions
remained very small. In a previous study (Huster et al.,
1998), we reported that cholesterol preferentially associates

3017

with PC in the polyunsaturated mixture, as seen by nuclear
Overhauser enhancement spectroscopy and the preferential
increase in PC chain order (see Table 2). The addition of 5
mM Ca’" ions to this mixture effectively removed all
differences in lipid chain order, suggesting that Ca** ion
binding eliminates the PC/cholesterol-enriched clusters.

CONCLUSIONS

We found about a twofold weaker binding of Ca®" ions to
polyunsaturated phospholipids compared to monounsatu-
rated phospholipids. Furthermore, the addition of 10 mol%
cholesterol to monounsaturated lipids increased Ca®" bind-
ing constants, while no effect from cholesterol addition was
observed in polyunsaturated lipids. The *H NMR order
parameter studies on PC, PE, and PS in the mixture support
a model with the lipid phosphate group as the primary site
of attachment for Ca®>". The negative charge of the PS
headgroup had no effect on the specific binding of Ca**
ions to PS but was essential for recruiting cations to the
lipid-water interface. Overall, cation binding is strongly
influenced by the magnitude of the membrane electric sur-
face potential. Differences in Ca®" association constants
result in small but significant changes in the amount of
bound Ca®*. As long as all lipids remained liquid-crystal-
line, we did not observe Ca”"-induced lateral demixing of
phospholipids. However, the addition of Ca®" ions to the
monounsaturated PC/PE/PS mixtures resulted in the partial
conversion of PE to the gel state that disappeared after the
sample temperature was raised slightly. We conclude that
the binding and buffering capacity of ROS membranes is
slightly lower than the binding capacity of less unsaturated
membranes with a similar composition of phospholipids.
However, in practical terms, the differences in the amount
of bound Ca’?" are primarily determined by the amount of
negatively charged lipid in the membrane and not by the
differences in binding constants.
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