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ABSTRACT Phosphatidylserine (PS), an anionic phospholipid of significant biological relevance, forms a multilamellar phase
in water with net negative surface charge at pH 7.0. In this study we mixed dioleoylPS (DOPS) with reverse hexagonal (HII)-
forming phosphatidylethanolamine (DOPE), and used x-ray diffraction and osmotic stress to quantify its spontaneous curvature
(1/R0p) and bending modulus (Kcp). The mixtures were stable HII phases from 5 to 30 mol % PS, providing 16 wt % tetradecane
(td) was also added to relieve chain-packing stress. The fully hydrated lattice dimension increased with DOPS concentration.
Analysis of structural changes gave an apparent R0p for DOPS of 1144 Å; opposite in sign and relatively flat compared to
DOPE (�30 Å). Osmotic stress of the HII phases did not detect a significantly different bending modulus (Kcp) for DOPS as
compared to DOPE. At pH # 4.0, DOPS (with no td) adopted the HII phase on its own, in agreement with previous results,
suggesting a reversal in curvature upon protonation of the serine headgroup. In contrast, when td was present, DOPS/td formed
a lamellar phase of limited swelling whose dimension increased with pH. DOPS/DOPE/td mixtures formed HII phases whose
dimension increased both with pH and with DOPS content. With tetradecane, estimates put 1/R0p for DOPS at pH 2.1 at zero.
Tetradecane apparently affects the degree of dissociation of DOPS at low pH.

INTRODUCTION

Phosphatidylserine (PS) is one of the most prevalent

naturally occurring negatively charged membrane phospho-

lipids. It is known to be involved in physiologically

important processes, such as membrane fusion (Papahadjo-

poulos et al., 1974) and activation of various phospholipases

(Buckland and Wilton, 2000), protein kinase C (Nishizuka,

1984), and components of the blood coagulation process

(Lentz, 1999). In addition, PS interacts with other compo-

nents of the mammalian membrane such as sterols, choles-

terol being the most important representative.

Phospholipid, when hydrated, can aggregate in several

different lyotropic phases. Increasingly, evidence suggests

that the tendency of some specific phospholipids to form

phases other than bilayers may have implications for

biological functions (Chernomordik et al., 1995b; Cullis

et al., 1985). The most common phases formed by naturally

occurring phospholipids are the bilayer lamellar (La) phase

and the reverse hexagonal phase (HII) (Chen and Rand,

1997; Epand, 1997, Rand and Fuller, 1994; Seddon, 1990).

Lipids that form the most common of the nonlamellar

phases, the HII phase, appear to be of fundamental relevance

for many processes carried out by biomembranes (de Kruiff,

1987; Seddon, 1990). These lipids, incorporated within

bilayers, appear to produce packing stresses that affect both

membrane protein conformation and topological changes

required in processes like membrane fusion and fission. Most

recently, in engineered membranes for the application of

drug and DNA delivery, the tendency of the lipid

components to adopt the hexagonal phase was observed to

correlate with fusion or transfection efficiency (Koltover

et al., 1998; May et al., 2000).

The structural preference of lipid mixtures for the lamellar

or hexagonal phase is dictated by the minimization of

molecular free energies of the component molecules (May

and Ben-Shaul, 1999). Remarkably, the total energy dif-

ference between the La and HII geometries can be extremely

small (Kozlov et al., 1994b). Although some internal indi-

vidual molecular constants contributing to the free energy of

different lipid molecules cannot be measured directly (May

and Ben-Shaul, 1999), the elastic constants of the lipid

ensemble, monolayer spontaneous curvature (c0) and bend-

ing modulus (Kcp), can be determined and give some indi-

cation of phase preference. By convention, large negative

curvature lipids tend to form HII phases, large positive

curvature lipids form micelles or HI phases, and small

curvature lipids form bilayers.

The structure and phase behavior of phosphatidylserines

has been studied by several techniques (Browning and

Seelig, 1980; de Kroon et al., 1990; Hope and Cullis, 1980;

Portis et al., 1979). These studies have shown that at

physiological or neutral pH, PS forms a lamellar phase upon

hydration, and is capable of stabilizing nonbilayer forming

lipids in a bilayer structure (Cullis and Verkleij, 1979).

Thermodynamic properties of the negatively charged PS

bilayers are not very different from zwitterionic phospholi-

pids. Chain melting transition temperatures for pure diacyl

PSs are only slightly higher than for the corresponding PCs,

and lower than PEs. Transition enthalpies were found to be

slightly larger. 2H and 31P NMR studies further show that the

fatty acyl chain region of the PS bilayer is quantitatively

similar to PC. In contrast, however, the headgroup order is
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more rigid than that of other phospholipids (Browning and

Seelig, 1980), likely due to intermolecular electrostatic

interactions (Roux et al., 1989) or hydrogen bonding (Boggs,

1987).

Under certain conditions, bilayer PS has been reported to

undergo a transition to nonbilayer phases. Specifically, the

HII phase has been observed in the anhydrous state (Hauser

et al., 1982), in aqueous dispersions containing lithium ions

(Cevc et al., 1985), and in aqueous dispersions at low pH (de

Kroon et al., 1990; Hope and Cullis, 1980). This transition

has led to the question of whether PS changes its curvature to

highly negative values upon neutralization of its charge.

Significantly, in this specific case, Bezrukov et al. (1999)

have shown that alamethicin channels change their gating

properties in PS-containing membranes when the pH is

changed. This is an explicit example of a protein’s activity

being modulated by the properties of its host lipid. We

attempt here to measure some of these properties of PS. In

this work we measure the spontaneous curvature of nega-

tively charged dioleoylphosphatidylserine (DOPS) at neutral

pH, and estimate the change in curvature at pH 2. A mixed

lipid system, containing dioleoylphosphatidylethanolamine

(DOPE) and various concentrations of DOPS, is used to give

an HII phase. The radius of curvature of the equilibrium

structure, in excess tetradecane (td) and excess water, is

determined by x-ray diffraction. The contribution of DOPS

to the negative curvature of DOPE/DOPS mixtures allows

the spontaneous curvature of DOPS to be calculated. In

addition, osmotic stress experiments (Leikin et al., 1996;

Parsegian et al., 1986) are used to measure the effect of

DOPS on the bending modulus of the DOPE monolayer.

MATERIAL AND METHODS

DOPE and DOPS (Na salt) were purchased from Avanti Polar Lipids Inc.

(Alabaster, AL). Polyethylene glycol (PEG) 20,000 was purchased from

Fluka (Switzerland) and used as received. n-Tetradecane was purchased

from Sigma-Aldrich Canada Ltd. (Oakville, ON), and the water used in the

experiments was double distilled.

Stock mixtures, each of different DOPE/DOPS composition, were

prepared by mixing the lipids in chloroform solution, and then drying by

rotary evaporation and vacuum desiccation. Unless otherwise stated, to

relieve interstitial packing stresses, 16 wt % tetradecane was added to the

dried lipid stocks and equilibrated as described previously (Leikin et al.,

1996; Rand and Fuller, 1994; Rand et al., 1990). Aliquots from each stock

were hydrated to varying degrees by either: 1), adding weighed amounts of

distilled water; 2), adding excess amounts of PEG solutions of known

osmotic pressure; or 3), adding excess amounts of various 100 mM buffer

solutions at various pH values. The resulting equilibrated structures were

investigated at 208C by x-ray diffraction and their dimensions determined

with a measuring error of6 0.1 Å. Sample to sample variation including all

experimental errors was a maximum of6 0.5 Å. Thin-layer chromatography

showed no degradation (\0.1%) of td-containing samples after equilibra-

tion. Degradation in td-free samples was\1%.

Structural analysis

The DOPE/DOPS/td lipid mixtures (studied here from 0 to 30 mol % DOPS)

gave single, well-ordered, inverted hexagonal (HII) phases at all levels of

hydration. The HII phase has been well characterized (Epand, 1997; Fuller

and Rand, 2001; Rand and Fuller, 1994; Seddon, 1990), and is shown

schematically in Fig. 1. Following the method originally introduced by

Luzzati (Luzzati and Husson, 1962), the hexagonal lattice is divided by

FIGURE 1 Structure of the hexagonal phase, with dimensions that can be

observed by x-ray diffraction (dhex and s), and calculated knowing the

volume fraction of water (fw) and lipid (fl): The radius of the water

cylinder,

Rw ¼ dhex

ffiffiffiffiffiffiffiffiffiffiffi
2fw

P
ffiffiffi
3

p
s

: (1)

The lipid thickness,

dl ¼ s� 2Rw;

where

s ¼ 2dhexffiffiffi
3

p : (2)

The molecular area at the water interface,

Aw ¼ 2fwVl

ð1� fwÞRw

; (3)

where Vl is the lipid molecular volume. Further, the molecular area at, and

radius to, any cylindrical dividing surface within the lipid compartment can

be calculated from geometry as follows:

Ai ¼ Aw

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
11

1� fw

fw

Vi

Vl

s
(4)

and

Ri ¼ Rw

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
11

1� fw

fw

Vi

Vl

s
; (5)

where Vi is the lipid molecular volume between this surface and the water

interface. Vp, Ap, and Rp specifically refer to the pivotal plane described in

the text.
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a cylindrical surface (the Luzzati plane) into separate compartments

containing lipid and water. In this way, at known volume fractions of water

(fw) and lipid (1 � fw), dimensions of the water cylinders and molecular

dimensions of the lipid compartment can be determined (Eqs. 1–5, Fig. 1).

We then follow a previously published procedure for determining structural

and elastic characteristics of the HII phases.

Elastic energy of the hexagonal phase

Ideally, monolayer equilibrium elastic parameters are reported for one of two

dividing surfaces within the lipid monolayer (Leikin et al., 1996): the neutral

plane (where bending and compression are energetically uncoupled)

(Kozlov and Winterhalter, 1991a,b), or the pivotal plane (where the

molecular area remains constant on bending) (Rand et al., 1990). Here, we

analyze the experimental data with reference to the pivotal plane.

Given the following geometric relation,

A
2 ¼ A

2

w 1 2V
Aw

Rw

; (6)

between the area per molecule (A) at any cylindrical dividing surface inside

the lipid monolayer, and the area per molecule at the water interface (Aw),

(where Rw is the radius of the water cylinder), a diagnostic plot of Aw
2 vs.

Aw/Rw that gives a straight line, will verify that the system has a well-defined

pivotal plane, and the slope of the line will determine its location in terms of

V (the volume separating this plane and the Luzzati plane).

Using this volume, now called Vp, giving the position of the pivotal

plane, the radius of curvature at the pivotal plane (Rp) can be calculated

using another geometric relation:

Rp ¼ Rw

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
11

1� fw

fw

Vp

V1

s
:

Knowing the radius of curvature at the pivotal plane, Rp, the elastic free

energy, F, of the hexagonal phase (normalized per phospholipid molecule)

can be approximated by the energy of bending (Helfrich, 1973; Kirk et al.,

1984).

F ¼ 1

2
KcpAp

1

Rp

� 1

R0p

� �
; (7)

where Kcp is the bending modulus, Ap is the molecular area, and R0p is the

spontaneous radius of curvature, all at the pivotal plane (under equilibrium

conditions of excess water and tetradecane).

Finally, by determining the elastic parameters of the lipid mixtures under

conditions of osmotic stress (Gruner et al., 1986; Rand et al., 1990), we

relate the elastic energy given by Eq. 7 with the osmotic work done by

osmotic stress (P):

PR2

p ¼ 2Kcp

1

Rp

� 1

R0p

� �
: (8)

A plot of (PRp
2) vs. (1/Rp) gives, from the slope, the monolayer bending

modulus (Kcp) (Gruner et al., 1986; Rand et al., 1990).

RESULTS

Fig. 2 shows that increasing amounts of DOPS result in an

increase in the equilibrium, unstressed lattice dimension of

the hexagonal phase formed by DOPE/DOPS mixtures. In

addition to excess water, all samples contain 16 wt %

tetradecane, which has been shown to relieve chain-packing

stresses allowing large dimension hexagonal phases to form

(Rand et al., 1990).

To determine molecular dimensions, gravimetric phase

diagrams were constructed. Fig. 3 A shows the hexagonal

dimension (dhex) as it varies with weight fraction of water for
DOPE/td and six different DOPE/DOPS/td mixtures. At less

than full hydration, all mixtures give the same dependence

of dhex on water concentration. This dependence is used to

determine water content of both the maximally swelled

equilibrated mixtures in excess water (Table 1), and later, of

the osmotically stressed samples from their measured lattice

dimensions.

The effect of applied osmotic pressure on the lattice

dimensions of the various DOPE/DOPS/td mixtures is

shown is Fig. 3 B. Increasing osmotic pressure results in

decreasing lattice dimension for all mixtures, as the lipid

imbibes water only to the point where it is equilibrated with

water whose chemical potential is set by the reservoir of PEG

polymer solution. At any one osmotic pressure, increasing

amounts of DOPS in the lipid mixture result in larger lattice

dimensions.

Data analysis

Pivotal plane

Molecular dimensions, including Aw and Rw, were calculated

using the equations described in Fig. 1 for all samples in less

than excess water where the volume fraction of water was

known. To standardize these calculations for different

DOPE/DOPS/td mixtures, an effective molecule is de-

scribed, which is one DOPE plus an appropriate fraction of

DOPS and a fraction of tetradecane. Diagnostic plots were

constructed (Fig. 4 A) using normalized areas and volumes.

Eq. 6 can be rewritten:

A
2

w

V2

l

¼
A

2

p

V2

l

� 2
Vp

Vl

Aw

VlRw

: (9)

FIGURE 2 Equilibrium lattice dimension, dhex, as it varies with water

content for the hexagonal phases formed by DOPE/DOPS/td mixtures

containing the indicated mol % DOPS.
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The plot of (Aw/V1)
2 vs. (Aw/V1)Rw gives a straight line

with no dependence on DOPS concentration in the mixture,

indicating that a well-defined pivotal plane exists, the

position of which (Vp/Vl) is independent of the DOPE/DOPS

ratio. The common linear fit to this line gives, from the slope,

Vp/Vl¼ 0.3, a relative position of the pivotal plane consistent

with many previous measurements for DOPE (Chen and

Rand, 1997; Fuller and Rand, 2001; Leikin et al., 1996;

Szule et al., 2002).

Spontaneous curvature and bending modulus

Knowing the position of the pivotal plane, the spontaneous

radius of curvature (R0p) is calculated for each DOPE/DOPS/

td mixture at the pivotal plane using Eq. 5 and the

equilibrium conditions determined in Table 1. If the

spontaneous curvature (1/R0p) of the mixtures is a linear

function of DOPS molar fraction, then the apparent

spontaneous radii of curvature for DOPS and DOPE can

be determined from the best fit line to the data. This data is

shown plotted in Fig. 4 B and yields: R0p
DOPS¼1144 Å and

R0p
DOPE ¼ �30 Å.

Osmotic pressure data (Fig. 3 B) can now also be analyzed

in terms of the radius of curvature at the pivotal plane. Fig.

5 A shows this data replotted as described in the Materials

and Methods section. The slope of each line in the PRp
2 vs.

1/Rp plot gives the bending modulus (Kcp) for each mixture.

Fig. 5 B shows the bending modulus as a function of DOPS

content. It is evident that DOPS has no significant effect on

the monolayer bending modulus previously determined for

DOPE (Leikin et al., 1996).

The effect of pH on DOPE/DOPS mixtures

Our previous x-ray diffraction studies (Bezrukov et al.,

1999) and NMR (de Kroon et al., 1990; Hope and Cullis,

1980) have shown that at low pH, fully hydrated pure DOPS

with no tetradecane, forms an inverted hexagonal phase.

These experiments were repeated as described in the

methods, and the results confirmed in the present study

(Fig. 6). From pH 1 to pH 4, an HII lattice, which is

significantly smaller than that of DOPE, increases in spacing

from ;56 Å to 65 Å, and coexists with a small dimension

(48 Å) lamellar phase at the lower pH values.

The picture is dramatically different with 16 wt % added

tetradecane. Following the same protocol, DOPS/td and

several of the DOPE/DOPS/td mixtures used in the above

study of curvature and bending, were also examined at the

low pH values previously shown to produce hexagonal

phases for pure DOPS. Perhaps the most dramatic observa-

tion is that pure DOPS/td does not form a hexagonal phase at

all but rather a large dimension lamellar phase whose

equilibrium dimension increases from ;95 Å at pH 2.1, to

140 Å at pH 3.2. In DOPS, tetradecane apparently reverses

the effects of lowering pH.

Fig. 7 shows the equilibrium dimensions of the tetrade-

cane-containing hexagonal phases formed at low pH by

DOPE/td, and by DOPS/DOPE/td mixtures containing 20,

25, and 30 mol % DOPS. The DOPE/DOPS/td mixtures

all form HII phases that increase in dimension with pH.

Unpredictably (because DOPS at low pH forms a smaller HII

phase than DOPE), they are all larger than the HII phase

formed by DOPE. As a first approximation, to get an

estimate of R0p for DOPS under these low pH conditions, we

FIGURE 3 (A) Lattice dimension,

dhex, as it varies with water content,

for the hexagonal phases formed by

variousDOPE/DOPS/tdmixtures. Sym-

bols are (�) 30%, (}) 25%, (,) 20%,

(¤) 15%, (m) 10%, (d) 8%, and (n) 0%

DOPS. Horizontal lines at equilibrium

dimensions were drawn using the re-

lationship found in Fig. 2. (B) Lattice

dimension, dhex, for the mixtures in A,

as it varies with osmotic pressure P,

generated by PEG solutions of known

osmotic pressure. Symbols as in A.

TABLE 1 Equilibrium parameters for all mixtures of

DOPE/DOPS/td

Wt % DOPS

Equilibrium

dhex (Å)

Equilibrium

dl (Å)

Equilibrium wt

fraction water

0 67.1 37.7 0.75

8 73.9 37.0 0.70

10 76.4 36.8 0.68

15 78.9 36.2 0.66

20 83.2 35.3 0.63

25 87.5 34.3 0.59

30 92.9 32.7 0.55
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use the equilibrium lattice dimension (large excess buffer

reservoir) of the samples at pH 2, and calculate the volume

fractions of lipid and water assuming lipid molecular

dimension, dl, equal to that for the corresponding lattice

dimension measured at neutral pH. Many previous measure-

ments show that any changes in dl are very small compared

to the changes we observe here in the repeat lattice

dimension of the fully hydrated hexagonal phase. This can

be seen in Table 1. Thus we estimate the spontaneous radius

of curvature at the pivotal plane for DOPS in the same

manner as described above. The results of these calculations

are shown in Fig. 8. At pH 2, the observed dependence of

curvature on DOPS concentration gives its apparent

spontaneous radius of curvature as essentially infinite, i.e.,

flat. For comparison, using the same assumption for dl, the
pure DOPS samples fully hydrated without tetradecane,

equilibrate at an estimated radius of curvature of �23 Å at

pH 2 (protonated), and at �50 Å in 1M NaCl (screened)

(Lerche et al., 1992). Again tetradecane apparently offsets

the effects of protonation at low pH.

Further evidence that DOPS contributes a high negative

curvature when protonated at low pH, comes from one

additional experiment. DOPS/DOPE mixtures without

tetradecane were equilibrated in buffer reservoirs at pH 2.

Fig. 9 shows that in contrast to the samples that do contain td,

whose lattice dimension increases with increasing DOPS,

those without td, decrease in lattice dimension with

increasing DOPS.

DISCUSSION

The physical characteristics of phosphatidylserine are of

interest because of the observed involvement of this lipid in

many membrane-associated biological functions. In addition

to its specific ionic interactions with divalent cations and

acidic proteins, material properties of PS have been im-

plicated both in membrane structural transitions leading to

fusion (Cullis et al., 1985), and in affecting the activity of

membrane-bound and associated proteins (Bezrukov et al.,

1999). In this work, we have attempted to assign quantitative

values to some lipid elastic constants that describe the

phosphatidylserine molecule DOPS.

We have extended previous studies using DOPE/DOPS

mixtures, designed to measure the effect of surface charge on

FIGURE 4 (A) ‘‘Diagnostic plots,’’

according to Eq. 9 of the text, for

DOPE/DOPS/td mixtures. Symbols are

(�) 30%, (}) 25%, (,) 20%, (¤)
15%, (m) 10%, (d) 8%, and (n) 0%

DOPS. Linearity indicates a pivotal

plane, the slope (Vp/V1) gives its posi-

tion, and the intercept (Ap/V1) gives the

area of an effective molecule at this

plane. (B) Plot of the monolayer curva-

ture, (1/R0p) calculated at the pivotal

plane determined in A, as it varies with
DOPS concentration in the DOPE/

DOPS/td mixtures. The equation of the

best fit line gives R0p
DOPS ¼ 1144 Å,

and R0p
DOPE ¼ �30 Å.

FIGURE 5 (A) Plots for various

DOPE/DOPS/td mixtures, relating the

osmotic work required to dehydrate the

hexagonal phase with its change in

monolayer curvature 1/Rp. The slope

gives a measure of the bending modu-

lus. Symbols are (�) 30%, (}) 25%,

(,) 20%, (¤) 15%, (d) 8%, and (n) 0%

DOPS. (B) Relation between the bend-

ing modulus determined in A and the

mol fraction DOPS in the DOPE/

DOPS/td mixtures.
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monolayer curvature (Lerche et al., 1992). In this system,

both lipids have the same hydrocarbon chains, and when salt

screened, PS headgroups have been shown to have similar

hydration properties to PE (Rand and Parsegian, 1989). The

observed increase in the radius of curvature at the water

interface, with increasing PS concentrations, was attributed

to charge alone, and was in agreement with theoretical

predictions (Kozlov et al., 1992).

The data presented here agree with and extend the

previous data for DOPE/DOPS mixtures. Further analysis,

using the procedure originally described by Leikin et al.

(1996), allows the calculation of the position of a pivotal

plane within the monolayer where the molecular area does

not change on bending. The elastic constants, surface area

(A0p), spontaneous curvature (1/R0p), and bending modulus

(Kcp) were measured for the DOPS molecule at this plane.

All samples used in this analysis (from 0 to 30 mol % DOPS)

were pure hexagonal phases containing 16 wt % tetradecane.

Tetradecane reduces chain-packing stresses or interstitial

energy, and allows the monolayers to relax to their

spontaneous radius of curvature (Kozlov et al., 1994a; Rand

et al., 1990; Rand and Parsegian, 1997). This is important in

FIGURE 6 Equilibrium phases and lattice dimensions as a function of pH

for pure DOPS in large excess buffer reservoirs. For buffers at different pH

values, 25 ml water was added to 25 ml of various mixed buffer reagents.

Before dilution, these were 0.2 M HCl, 0.2 M KCl, 0.1 M glycine, 0.1 M

citric acid, and 0.1 M Na citrate. For example, pH 2 buffer was 0.013 M HCl

and 0.087 M KCl, and pH 3 buffer was 0.011M HCl and 0.05M glycine.

FIGURE 7 Equilibrium lattice dimensions of hexagonal phases formed

by DOPE/DOPS/td mixtures in large excess buffer reservoirs, as a function

of pH. Symbols are (�) 30%, (}) 25%, (,) 20%, and (n) 0% DOPS. Buffer

solutions were prepared as described in Fig. 6.

FIGURE 8 Plot of the estimated monolayer curvature (1/R0p) calculated at

the pivotal plane as it varies with DOPS concentration in the DOPE/DOPS/

td mixtures at pH 2. The equation of the best fit line gives R0p
DOPS ¼

1‘‘16666’’ Å, and R0p
DOPE ¼ �26 Å.

FIGURE 9 Equilibrium lattice dimensions of hexagonal phases formed at

pH 2 by various DOPE/DOPS mixtures; (}) with tetradecane, and (n)

without tetradecane.
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determining spontaneous curvature because without added

tetradecane, in mixtures of 15 mol % DOPS and above, the

lamellar phase is the lowest energy phase (Lerche et al.,

1992).

The position of the monolayer pivotal plane was de-

termined to be independent of DOPS concentration and not

detectably different from that of pure DOPE. The diagnostic

plots (Fig. 4 A) emphasize experimental scatter in the data,

but no systematic differences corresponding to DOPS con-

centration could be found. A value of Vp/Vl ¼ 0.3 for the

pooled data agrees with all previous measurements (Chen

and Rand, 1997; Fuller and Rand, 2001; Leikin et al., 1996;

Szule et al., 2002) and corresponds to a position close to the

hydrocarbon polar group interface (;2 CH2 groups on the

hydrocarbon side).

The apparent spontaneous radius of curvature for DOPS

was determined to be 1144 Å. This represents the first

positive curvature reported for a diacyl phospholipid, and

likely is largely due to electrostatic interactions of the

charged headgroup. By contrast, the apparent spontaneous

radius of curvature of the highly hydrated but neutral lipid,

DOPC, has been measured to be from �143 Å to �200 Å

(Szule et al., 2002). Positively curved, charged DOPS

confined in a flat membrane would be expected to exert

packing stresses opposite to those of negatively curved lipids

and so have opposite effects on membrane deformations or

integral protein conformational changes. Such effects have

been reported for lysoPC, which has been measured to have

a positive radius of curvature from 138 Å to 158 Å. For

example, lysoPC is reported to inhibit or promote different

stages of membrane fusion depending on its location in

either the proximal or distal monolayer (Chernomordik et al.,

1995a,b, 1993), and its effect on gramicidin channels is seen

to increase channel formation and duration (Lundbaek and

Anderson, 1994).

Interestingly, as previously reported, pure DOPS (without

added tetradecane) undergoes a dramatic change in structure

from lamellar to hexagonal under certain conditions in-

cluding low pH. These results were confirmed here, and

suggest a switch in curvature from positive to negative.

Using an estimate for lipid thickness based on the common

dehydrated data measured for all mixtures, the radius of

curvature at the pivotal plane for this hexagonal phase would

be approximately �23 Å (even smaller than DOPE). This

apparent reversal in curvature from positive to highly

negative is likely due to protonation of the PS headgroup

at low pH and is consistent with the estimated pK value of

4.2 6 0.2 found by Kroon et al. (1990) for the carboxyl

group. Protonation would reduce electrostatic repulsion,

increase hydrogen bonding, and decrease hydration of the

headgroup, possibly resulting in a different orientation. All

of this would change the balance of the energies stemming

from headgroup interactions, chain-packing interactions, and

surface tension associated with the water interface. Under

these conditions, minimization of the energy results in the

formation of this small dimension hexagonal phase (some-

times in equilibrium with a dehydrated lamellar phase).

Because the dimension of this hexagonal phase is even

smaller than that of DOPE, chain-packing stresses are

believed to be at a minimum.

Following our normal routine or protocol, to get a measure

of the spontaneous (relaxed) radius of curvature of HII phase

lipids, low pH samples of DOPS and DOPE/DOPS mixtures

were examined, not only in excess aqueous buffer, but also

containing excess hydrocarbon solvent (tetradecane). Sur-

prisingly, DOPS and DOPE/DOPS mixtures behave very

differently at low pH when tetradecane is added. At pH 2,

fully hydrated DOPE/DOPS/td mixtures form pure hexag-

onal phases, but the dimension of these phases is dependent

on DOPS content in a manner that gives an estimate for

DOPS curvature that is essentially flat. Indeed, consistent

with this, pure DOPS at pH 2 with added tetradecane forms

a lamellar phase of large dimension (93 Å) but limited

swelling. This highly hydrated lamellar phase (the PS bilayer

is only 39 Å thick) implies effective electrostatic charge

repulsion, and is in sharp contrast with the extremely small

dimension hexagonal phase formed without tetradecane.

Clearly tetradecane appears to reduce the protonation of

DOPS at low pH. Although more studies are necessary to

determine the role of tetradecane in these systems, one

interesting possibility is that tetradecane interaction some-

how allows the hexagonal lattice to expand and take up more

water, and/or affect the degree of polar group ionization.

Cevc et al. (1985) has suggested a similar effect of hydro-

carbon expansion by high temperature.

The application of osmotic stress technique (Leikin et al.,

1996; Parsegian et al., 1986) using the DOPE/DOPS/td

mixtures allowed us to measure the effect of increasing

concentrations of DOPS on the bending modulus of the

DOPE monolayer in the hexagonal phase. No significant

effect of DOPS on bending modulus could be measured from

our data, suggesting that Kcp for DOPS in the hexagonal

phase is not significantly different from DOPE at ;11 kT.

Thus, our data could not detect a theoretical prediction

(Kozlov et al., 1992, Winterhalter and Helfrich, 1988) that

surface charge would influence rigidity in the monolayer.
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