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Abstract

The interfacial properties of the negatively charged dimyristoyl-phosphatidylglycerol (DMPG) and the zwitterionic dimyristoyl-phos-
phatidylcholine (DMPC) vesicles mixed with the fusion inhibitor lysomyristoylphosphatidylcholine (LMPC) are investigated by electron para-
magnetic resonance (EPR). At 35 °C, addition of 20 mol% of LMPC to the DMPG vesicles increases the effective concentration of water in the
interfacial layer of DMPG vesicles from 19.3 M to 27.7 M, whereas in the case of mixed DMPC-LMPC vesicle the effective water concentration in
the interfacial layer of DMPC vesicles only changes from 15.1M to 18.4M. The hydrogen bonding structure in bothmixedDMPG-LMPC andmixed
DMPC-LMPC vesicles becomes stronger with an increasing fraction of LMPC in the vesicles. The average area per phospholipid decreases in mixed
DMPC-LMPC vesicles, while it increases in mixed DMPG-LMPC vesicles as the proportion of LMPC in the vesicle increases. The inhibitory nature
of LMPC in both vesicle and biological fusion comes from the increase in surface hydration, as well as from the dynamic cone shape of LMPC in the
phospholipid bilayer.
© 2007 Elsevier B.V. All rights reserved.
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(DMPG); Dimyristoyl-phosphatidylcholine (DMPC); Spin probes
1. Introduction

Membrane fusion is a common stage in a wide range of
cellular processes [1–6], such as fertilization, cell–cell commu-
nication, viral infection and vesicular transport. Although we
have gained an extensive amount of knowledge on membrane
fusion, the detailed molecular mechanism of the membrane
fusion process is still eluding us [6–8]. The lack of detailed
understanding stems from the wide variety of cellular fusion
processes and the larger number of cellular components required
for the triggering and spatial and temporal control of the fusion
event [4]. Despite the complexity and diversity of membrane
fusion, recent studies have shown that there are some common
features in all fusion processes [6]. According to Lentz at al.,
both fusion proteins and lipids are essential in the fusion event,
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so the fusion event can be viewed as protein machines operating
on lipid assemblies [6]. Also, the energy barrier for fusion seems
to be the same for both protein catalyzed membrane fusion of
various biological membranes and protein-free fusion of phos-
pholipid membranes [9]. The energy barrier independence of the
presence of fusion proteins indicates that the fusion processes are
strongly affected by the physics of lipid–lipid interactions [10]
and the properties of membrane lipid bilayers [5].

The specificity and timing of membrane fusion is determined
by membrane fusion proteins, which share important character-
istics, of which the most important is a hydrophobic fusion
peptide within the transmembrane-anchored polypeptide chain
[3,5,11]. The rate and degree of proton mediated membrane
fusion for both biological and model membranes has been found
to depend on the lipid composition of membranes [5,12]. The
hydrophobicity of membrane fusion proteins and membrane
lipid composition dependence of fusion indicate the importance
of a detailed knowledge of the hydration state of the phospho-
lipid bilayer. Also, it has been well established that one of the
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requirements for fusion of membranes is the hydrophobic at-
traction between the fusing membranes [4,13–15]. Much of
what we know about the molecular mechanisms of membrane
fusion has been obtained from the study of model systems, such
as phospholipid vesicles of controlled composition [2,16].

By using non-bilayer lipids in the early stages of biological
membrane fusion and vesicle fusion, it has been shown that
the fusion can be either promoted or inhibited [5]. The in-
hibiting or promoting action of a non-bilayer lipid has been
related to its spontaneous curvature [9]. It has been well
established that a lipid possessing positive spontaneous cur-
vature, such as lysophosphatidylcholine (LPC), inhibits
hemagglutanin (HA) mediated fusion [17,18]. Although the
ability of LPC to inhibit fusion was correlated with its
spontaneous curvature, it is still not clear which property of
membrane lipid bilayers is altered by the addition of non-
bilayer lipids. Chernomordik et al. [17] suggested that one of
the possible properties of membrane lipid bilayers that could
be altered by addition of non-bilayer lipids might be the
hydrophobicity of membrane surfaces [14,19].

For the last four decades, the spin probe electron para-
magnetic resonance (EPR) method has successfully been used
to gain insight into the dynamics and structures of biolo-
gical systems [2,20,21]. Recently, the hydrophobic spin
probe 2,2,6,6-tetramethyl-piperidin-1-oxyl-4-yl octadecanoate
(TEMPO-stearate) has been used to study the physical proper-
ties of the interfacial layer of a variety of phospholipid vesicles
above the phase transition, in the liquid crystal phase [22]. A
detailed picture of the dynamics of the probe and its environ-
ment, as well as the hydration state of the interfacial layer of
phospholipid vesicles, was constructed from the experimental
EPR spectral parameters of high precision. The extraction of
EPR spectral parameters with high precision has become
possible due to the development of nonlinear spectral fitting
[23–27]. Fitting offers precise resonance field measurements
needed to yield precise values of hyperfine spacing, which are
then used to estimate the effective water concentration in the
polar shell of vesicles [22,27]. The information on the motion of
the spin probe is given by the rotational correlation times that
can be found from the Lorentzian EPR linewidths [28]. Even
though the Lorentzian linewidths are not directly available from
the EPR spectrum of a spin probe due to inhomogeneous
broadening caused by unresolved hyperfine structure, the effect
of inhomogeneous broadening can now be treated successfully
due to the correct knowledge of the EPR lineshape [28].
Although experimental EPR parameters can be obtained from
the EPR spectrum using conventional EPR methods; EPR
spectral line fitting offers more than one order of magnitude
increase in precision, so it is now possible to measure small
changes in hydration and rotational correlation times that were
before obscured by the experimental error [22].

The objective of this paper is to explore what property of the
interfacial layer of phospholipid vesicles is affected by the
addition of the fusion inhibitor lysomyristoylphosphatidylcho-
line (LMPC), as well as how it is affected. In order to answer
these questions we will here use two different types of
phospholipids: (i) the negatively charged dimyristoyl-phospha-
tidylglycerol (DMPG) and (ii) the zwitterionic dimyristoyl-
phosphatidylcholine (DMPC).

2. Materials and methods

The phospholipids DMPC (1,2-dimyristoyl-sn-glycero-3-phosphocholine)
and DMPG (1,2-dimyristoyl-sn-glycero-3-[phospho-rac-(1-glycerol)] (Sodium
Salt)), and the lysomyristoylphosphatidylcholine LMPC (1-myristoyl-2-hydro-
xy-sn-glycero-3-phosphocholine) were purchased from Avanti Polar Lipids
(Birmingham, AL) and used as received. The spin label 2,2,6,6-tetramethyl-
piperidin-1-oxyl-4-yl octadecanoate (TEMPO-stearate) was obtained from
Molecular Probes, Inc. (Eugene, OR). PTFE (PolyTetraFluoroEthylene) tubing
was bought from Zeus, Inc. (Orangeburg, SC).

The appropriate amount of TEMPO-stearate chloroform solution was added
to a given ratio of phospholipid/lysophospholipid powder to produce a molar
ratio [lipid/lysolipid]/[spin probe] of 400. The completely clear solution was
dried under a stream of N2. Thereafter, the dried films were kept under reduced
pressure overnight to guarantee complete absence of chloroform. The phospho-
lipid films were hydrated by the addition of 20 mMHEPES (4-(2-hydroxyethil)-
1-piperizineethanesulfonic acid) aqueous solution at pH 7.4 until a 100-mM
concentration of lipids was achieved. After 20 min of vortexing, opaque sus-
pensions were obtained. The suspensions were finally transferred into PTFE
capillary tubes, whose ends were folded and tightened with parafilm (American
National Can, Greenwich, CT).

The experimental equipment and data analysis have been described in more
detail previously [22]. Basically, EPR experiments were performedwith a Bruker
ESP 300 E spectrometer equipped with a Bruker variable temperature unit
(Model B-VT-2000). Dispersions were prepared on the day of the experiment,
and were placed in a porous PTFE tube to allow for nitrogen equilibration [29],
which reduces the broadening of the EPR line caused by molecular oxygen. The
temperature of the sample in the microwave cavity was held stable within
±0.2 °C.

Five first harmonic EPR spectra were obtained for each temperature using a
sweep time of 84 s; microwave power, 5 mW; time constant, 20.5 ms; sweep
width, 50.2 G; modulation amplitude, 1 G. The spectra were then transferred to a
personal computer and were analyzed using the computer program Lowfit. As
the fit function, the program uses a Lorentzian–Gaussian sum function, which is
an excellent approximation of the Voigt shape [23,28]. The program gives
precise values of the EPR line positions, which are used in calculation of the
nitrogen hyperfine coupling spacing, A+, which is sensitive to the amount of
water in the surroundings of the nitroxide [27,30]. To use the value of A+ as a
measure of effective water concentration, the value of A+ of a nitroxide has to be
measured in a series of aqueous mixtures in which the water fraction changes,
ideally, from 0 to 100%. The hydration index of each solution mixture [31]
defined as the ratio of the molar concentration of OH dipoles in the solution
mixture to that of pure water can be calculated using Eq. (5) from Reference
[27]. The hyperfine coupling spacing of TEMPO-stearate was measured in a
series of mixtures of ethanol–water and ethanol-1,4-dioxane covering the water
fraction range from 0 to 80% (TEMPO-stearate is not water soluble). Since the
hydration index is directly proportional to the molar concentration of water in
the mixture, the effective water concentration [H2O] can be estimated using the
calibration equation [22]:

H2O½ � ¼ Aþ � 15:542

1:297
55:345 Mð Þ ð1Þ

where 55.345 M is the molar concentration of pure water at 25 °C.
Lowfit also separates the Lorentzian and Gaussian contributions to the

observed spin probe lines, so that the Lorentzian linewidth can be used in the
calculation of the rotational correlation times [28,22]. The hydrocarbon chain of
TEMPO-stearate, which is anchored in the phospholipid bilayer, ensures that the
NO· moiety resides in the hydration layer of the membrane which is more fluid
than the hydrocarbon bilayer region. Since the nitroxide is attached to a
hydrocarbon chain, its preferred axis of rotation is parallel to the hydrocarbon
chain, or in terms of the nitroxide principal axis about its x axis, which is along
the direction of the N–O [22]. This rotation is characterized by the parallel
rotational correlation time τ||. As the nitroxide rotation is axial, the second



Fig. 1. (a) Nitrogen hyperfine spacing A+ of 0.2 mM TEMPO-stearate in the
presence of 100 mM phospholipids in HEPES buffer equilibrated with N2 at pH
7.4 (left-hand ordinate) and corresponding effective water concentration [H2O] in
the polar shell calculated from Eq. (1) (right-hand ordinate) as a function of
temperature. Symbols used to identify the different lysophospholipid–phospho-
lipid concentrations in mixed DMPC-LMPC vesicles are: (○) 20 mM LMPC,
80 mM DMPC; (□) 10 mM LMPC, 90 mM DMPC; (⋄) 1 mM LMPC, 99 mM
DMPC; (●) 100 mM DMPC (DMPC vesicles) and (■) 100 mM LMPC (LMPC
micelles). Error bars are standard deviations of five measurements. Lines are to
guide the eyes.

Fig. 2. (a) Nitrogen hyperfine spacing A+ of 0.2 mM TEMPO-stearate in the
presence of 100 mM phospholipids in HEPES buffer equilibrated with N2 at pH
7.4 (left-hand ordinate) and corresponding effectivewater concentration [H2O] in
the polar shell calculated from Eq. (1) (right-hand ordinate) as a function of
temperature. Symbols used to identify the different lysophospholipid–phospho-
lipid concentrations in mixed DMPG-LMPC vesicles are: (○) 20 mM LMPC,
80 mM DMPG; (□) 10 mM LMPC, 90 mM DMPG; (⋄) 5 mM LMPC, 95 mM
DMPG; (Δ) 4 mM LMPC, 96 mM DMPG; (∇) 3.5 mM LMPC, 96.5 mM
DMPG; (▷) 2 mM LMPC, 98 mM DMPG; (●) 100 mM DMPG (DMPG
vesicles) and (■) 100 mM LMPC (LMPC micelles). Error bars are standard
deviations of five measurements. Lines are to guide the eyes.
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rotational correlation time τ⊥ is necessary to characterize the rotation perpen-
dicular to the molecular symmetry axis.

For anisotropic rotationwhich is axially symmetric about the nitroxide x axis,
the correlation times τ20 and τ22 are first calculated from the following equations
[32]:

s20 ¼ 1:11� 10�7

HðDAÞ
5ðdAÞB� 8ðdgÞHC
ðDgÞðdAÞ � ðdgÞðDAÞ ð2Þ

s22 ¼ 3:69� 10�8

HðdAÞ
8ðDgÞHC � 5ðDAÞB
ðDgÞðdAÞ � ðdgÞðDAÞ ð3Þ

where B and C are parameters that are calculated from the differences in the
Lorentzian linewidths [33,22], H is the magnetic field, and the hyperfine
anisotropies ΔA and δA are given by:

DA ¼ Axx � 1
2

Ayy þ Azz

� � ð4Þ

dA ¼ 1
2

Ayy � Azz

� � ð5Þ

and exactly similar equations for Δg and δg. As explained in Reference [22] the
values of the principal components of g and A for TEMPO [34] can be used for
TEMPO-stearate. Thus, using Axx=5.3 G, Ayy=7 G and Azz=35 G for the
principal components of A, and gxx=2.0099, gyy=2.0061 and gzz=2.0024 for
the principal components of the g tensor we get:

s20 ¼ �2:969� 10�9B� 2:09� 10�9CðsÞ ð6Þ

s22 ¼ 1:241� 10�9Bþ 2:38� 10�9CðsÞ ð7Þ
Finally, the rotational correlation times τ|| and τ⊥ are given by [32]

s8 ¼ s20 ð8Þ

sjj ¼ 2s20s22
3s20 � s22

ð9Þ

3. Results and discussion

The hyperfine coupling spacing A+ in the polar shell of the
vesicle and corresponding effective water concentration [H2O]
sensed by TEMPO in pure DMPC vesicles and a series of
DMPC vesicles mixed with different concentrations of LMPC
as a function of temperature are shown in Fig. 1. Also, the same
quantities measured in pure LMPC micelles are shown in the
same figure. The liquid crystal-gel phase transition of pure
DMPC vesicles at about 23 °C is clearly observed. Addition of
1% of LMPC to the DMPC vesicles does slightly increase the
phase temperature, but the hydration properties of the polar
shell remain the same. Addition of 10% or 20% of LMPC to the
DMPC vesicles broadens the phase transition and increases the
hydration of the polar shell. The change in hyperfine spacing A+

is biggest at the phase transition and decreases as the temper-
ature increases. At higher temperatures the amount of water in
the polar shell is not much affected by LMPC addition. Note
that the effective water concentration, especially close to the
phase transition, has to be interpreted carefully, since the posi-
tion of the nitroxide moiety changes across the bilayer during
the phase transition as explained in Ref. [22]. As expected,
micelles are much more hydrated than vesicles [35].

Fig. 2 shows the hyperfine coupling spacing A+ in the polar
shell of the vesicle and corresponding effective water concen-
tration [H2O] sensed by TEMPO-stearate in pure DMPG
vesicles and a series of DMPG vesicles mixed with different
concentrations of LMPC as a function of temperature. The
effect of the zwitterionic LMPC on the negatively charged
DMPG is much more pronounced than on the zwitterionic
DMPC vesicles. Even a small addition of lysophospholipid to
the DMPG vesicles broadens the phase transition and increases
the concentration of water in the hydration layer of the vesicle.
First, LMPC affects the hydration properties near the phase
transition. Next, as the amount of added LMPC increases, the



Table 1
Hyperfine spacing, effectivewater concentration, and number of water molecules
sensed by the spin probe in the polar shell of LMPCmicelles, DMPGvesicles and
DMPG-LMPC vesicles at 35 °C

Mole percentage of LMPC
in DMPG vesicles

A+/G [H2O]/M nW
SP

0 15.994±0.006 19.29±0.25 6.2 (9.0 a)
2 16.033±0.005 20.95±0.21 6.8
3.5 16.069±0.005 22.49±0.21 7.3
4 16.097±0.001 23.68±0.04 7.6
5 16.145±0.003 25.73±0.13 8.3
10 16.169±0.004 26.76±0.17 8.6
20 16.191±0.003 27.69±0.13 8.9
100 16.110±0.001 24.42±0.04 9.8 (10.2 b)
a Calculated using Eq. (10), (A=59.6 Å2, h=9 Å and VL=267 Å3).
b Calculated from the simple spherical geometry of LMPC micelles [35].

Table 2
Hyperfine spacing, effective water concentration and number of water molecules
sensed by the spin probe in the polar shell of LMPC micelles, DMPC vesicles
and DMPC-LMPC vesicles at 35 °C

Mole percentage of LMPC
in DMPC vesicles

A+/G [H2O]/M nW
SP

0 15.895±0.001 15.06±0.04 4.9 (7.2 a)
1 15.894±0.002 15.02±0.08 4.9
10 15.942±0.013 17.06±0.55 5.5
20 15.972±0.002 18.35±0.08 5.9
100 16.110±0.001 24.24±0.04 9.8 (10.2 b)

a Nagle and Tristram-Nagle [39].
b Calculated from the simple spherical geometry of LMPC micelles [35].
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effective water concentration increases across all temperatures.
At about 10% of LMPC in the DMPG vesicles, the vesicle
interfacial layer becomes as hydrated as the interfacial layer of
LMPCmicelles. At 20% LMPC in the DMPG vesicles the water
concentration in the interfacial layer of the mixed DMPG-
LMPC vesicles is much greater than in the case of pure LMPC
micelles. At the physiological temperature of 35 °C, which is
well above the phase transition temperature, the water
concentration in the polar shell of the vesicles increases by
8.4 M (from 19.29 M to 27.69 M, Table 1) when the mole
fraction of LMPC in DMPG vesicles increases by 20%. On the
other hand, the water concentration increase in the polar shell of
the DMPC vesicles is only 3.3 M (from 15.06 M to 18.35 M,
Table 2) for the same mole fraction increase. At the same time,
the water concentration in the polar shell of mixed DMPG-
LMPC vesicles is 9.3 M greater than in the polar shell of mixed
DMPC-LMPC vesicles.

Although there is a negative charge on the DMPG headgroup
and a sodium counterion in the vicinity of the nitroxide, these
charges would produce a negligible direct effect on A+ for a
rapidly tumbling NO· group. Small electrical effects can be
observed due to charges inherent in the spin probe [36]. Small
effects in bulk water are observed due to the charges' ability to
change the water structure [37]. Because the charges are moving
randomly with respect to NO·, the first effect is not operable. By
changing the nature of the counter ion in micelles; e.g. Li+ for
Na+ or Br− for Cl−, the second effect has been shown to be
negligible in micelles. Also, the hyperfine coupling spacing of
the spin probe DTBN (di-tert-butylnitroxide) in the water in
DMPC and DMPG vesicles as a function of NaCl concentration
changes negligibly [27]. The small increase in hyperfine
coupling spacing can be explained by the fact that Na+ is a
marginally strong kosmotrope (water-structure maker) while
Cl− is a weak chaotrope (water-structure breaker) [38].

Hydration of the polar shell of phospholipid vesicles is most
often expressed in terms of the number of water molecules per
phospholipid in the polar shell [39–42], which can be easily
calculated from the structural parameters of the phospholipid. If
the average area per lipid A, the thickness of the polar shell h,
and the volume of the phospholipid headgroup VL are known,
then the number of water molecules per lipid in the polar shell
nW is given by [39]:

nW ¼ Ah� VL

VW
ð10Þ

where VW=30 Å3 is the volume of a water molecule. The
number of water molecules sensed by the spin probe nW

SP can be
calculated from the effective water concentration according to
the following expression:

nSPW
nT−SPW

¼ ½H2O�
55:345 M

ð11Þ

where nW
T-SP is the number of water molecules in the volume VSP

traversed by the spin probe, that is VSP/VW. The ratio of nW to
the number of water molecules in the volume A·h, nW

T , has the
same form and is given by:

nW
nTW

¼
Ah�VL
VW

Ah
VW

ð12Þ

Unfortunately, the volume sampled by the nitroxide, VSP, is
not known [37] and the nitroxide's position slightly changes
with temperature, so nW

T-SP cannot be known. In other words, the
EPR method is unable to separate the effect of the polar shell
hydration from the effect of location of TEMPO [22]. Therefore,
the absolute values of effective water concentration measured by
the EPRmethod may not be exactly the same as the values in the
same systems measured by deuterium nuclear magnetic
resonance (2H NMR) [43,42] and X-ray methods [40,41].
Nevertheless, the relative effective water concentrations mea-
sured by the EPR method and water concentration trends
correlate well with other methods, as demonstrated in Ref [22].
To convert molarity into effective number of waters we assume
nW
T-SP to be equal to nW

T . Then, using Eq. (11) and assuming that at
30 °C the polar shell thickness is 9 Å, the average area per lipid is
72.5 Å2 for DOPC and 59.6 Å2 for DMPC, and the volume of the
lecithin headgroup is 319Å3 [44], the effective numbers of water
molecules sensed by the spin probe are 7.7 for DOPC
([H2O]DOPC=19.6 M [22]) and 5.3 for DMPC. These numbers
are slightly lower than the numbers measured by X-ray
scattering at the same temperature, which are 11.1 for DOPC
and 7.2 for DMPC shell [39].



Fig. 4. (a) Rotational correlation time τ|| of 0.2 mM TEMPO-stearate in 100 mM
phospholipid vesicles in HEPES buffer at pH 7.4 as a function of temperature.
Symbols used to identify the different lysophospholipid–phospholipid concen-
trations in mixed DMPG-LMPC vesicles are: (○) 20 mM LMPC, 80 mM
DMPG; (□) 10 mM LMPC, 90 mM DMPG; (⋄) 5 mM LMPC, 95 mM DMPG;
(Δ) 4 mM LMPC, 96 mM DMPG; (∇) 3.5 mM LMPC, 96.5 mM DMPG;
(▷) 2 mM LMPC, 98 mM DMPG; (●) 100 mM DMPG (DMPG vesicles) and
(■) 100 mM LMPC (LMPC micelles). Error bars are standard deviations of five
measurements. Lines are to guide the eyes.
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In Tables 1 and 2 we present the effective number of water
molecules per lipid in the polar shell of phospholipid vesicles
calculated from the measured [H2O]. Although our results
qualitatively indicate that the average area per lipid in both
DMPC-LMPC and DPMG-LMC vesicles changes, for the
purpose of the calculation of the number of water molecules
sensed by the spin probe in the polar shell of phospholipid
vesicle mixtures we assume that the average area remains the
same, because there are no quantitative studies on the structure
of DPMC-LMPC and DMPG-LMPC vesicles. To a first appro-
ximation this assumption should be reasonable since the molar
fraction of LMPC is equal to or less than 20%, and we just use it
so that our measured values expressed in terms of molarity of
water can be compared to number of water molecules per lipid
measured by other methods. For DMPC-LMPC vesicles we
used the same structural parameters as for DMPC vesicles,
which implies that LMPC distributes evenly throughout the
vesicle above the phase transition. Determining structural
properties of fully hydrated vesicles from scattering techniques
depends on high positional ordering of membrane components,
which very often makes it a difficult task [42]; also fully
hydrated negatively charged phospholipid vesicles have been
less studied than fully hydrated zwitterionic phospholipid, such
as phosphatidylcholine and phosphatidylethanolamine vesicles
[44]. As we do not have the structural data for fully hydrated
DMPG vesicles, we will use the fact that the average areas per
lipid for dipalmitoyl-phosphatidylcholine and-phosphatidylgly-
cerol vesicles in the solid phase at 20 °C are about the same [45]
and assume that the same holds for fully hydrated DMPG
vesicles at 35 °C, that is we assume A to be 59.6 Å2. This
assumption is supported by a recent work of Pabst et al. [46]
who found that the value of the lateral area for DPPG in the gel
phase of 46.7±0.7 Å2, although slightly smaller, is about the
same within experimental error as that of 47.2±0.5 Å2

measured for DPPC [47]. The thickness of the polar shell is
Fig. 3. (a) Rotational correlation time τ|| of 0.2 mM TEMPO-stearate in 100 mM
phospholipid vesicles in HEPES buffer at pH 7.4 as a function of temperature.
Symbols used to identify the different lysophospholipid–phospholipid con-
centrations in mixed DMPC-LMPC vesicles are: (○) 20 mM LMPC, 80 mM
DMPC; (□) 10 mM LMPC, 90 mM DMPC; (⋄) 1 mM LMPC, 99 mM DMPC;
(●) 100 mM DMPC (DMPC vesicles) and (■) 100 mM LMPC (LMPC
micelles). Error bars are standard deviations of five measurements. Lines are to
guide the eyes.
9 Å and the volume of the PG headgroup is 267 Å3, which is
calculated using the volumes of the component groups from
Table 2 in ref [39]. This value is also in good agreement with the
value of 257±10 Å3 measured by Pabst et al. [46].

In Tables 1 and 2 we also present a theoretical estimate of the
number of water molecules per phospholipid in the polar shell
of LMPC micelles. The value was calculated according to the
procedure in ref [35], where we assume that an LMPC micelle
is, on average, a spherical structure composed of a hydrocarbon
core and a hydration polar shell composed of headgroups and
water. The radius of the hydrocarbon core rC can be found from
the hydrocarbon core volume, which is the product of the
aggregation number NA and the volume of one hydrocarbon tail
VLMPC-t less 1.55 CH2 groups that may be wetted [48]. Using
NA=120 [35] molecules, VLMPC-t=418 Å3 and VCH2

=28.1 Å3

[39] we get the radius of micelle hydrocarbon core, rC=22 Å.
Assuming a thickness of 9 Å, the micelle radius is 31 Å. From
these radii we calculated an average area per phospholipid of
74.2 Å2. Now, we can calculate nW and nW

SP from Eqs. (10) and
(11), respectively. Note, that VL should be enlarged by 1.55
VCH2

[35]. As can be seen, in the case of LMPC micelles, the
number of water molecules sensed by the spin probe and the
number of water molecules per lipid calculated from the
structural parameters are very close. Due to the similarity in
structure (one hydrocarbon tail and a head), the nitroxide moiety
very likely samples a volume which is very close to the volume
occupied by PC headgroup in LMPC micelles. This may be a
reason for good agreement between the number of water
molecules per lipid from the EPR measurement and the one
calculated from the structural parameters, Tables 1 and 2.

The rotational correlation times τ|| and τ⊥ characterize the
axial rotation of the probe, and as such can give us valuable
information about the probe's environment. Fig. 3 shows the
parallel rotational correlation time τ||, characterizing the rotation
about the hydrocarbon chain, for pure LMPC micelles, pure



Fig. 5. (a) Rotational correlation time τ⊥ of 0.2 mM TEMPO-stearate in
100 mM phospholipid vesicles in HEPES buffer at pH 7.4 as a function of
temperature. Symbols used to identify the different lysophospholipid–lysopho-
spholipid concentrations in mixed DMPC-LMPC vesicles are: (○) 20 mM
LMPC, 80 mM DMPC; (□) 10 mM LMPC, 90 mM DMPC; (⋄) 1 mM LMPC,
99 mM DMPC; (●) 100 mM DMPC (DMPC vesicles) and (■) 100 mM LMPC
(LMPC micelles). Error bars are standard deviations of five measurements.
Lines are to guide the eyes.

Fig. 7. The reciprocal of rotational correlation time τ⊥ of 0.2 mM TEMPO-
stearate in 100 mM phospholipid vesicles in HEPES buffer at pH 7.4 as a
function of the reciprocal of temperature. Symbols used to identify the different
lysophospholipid–lysophospholipid concentrations in mixed DMPC-LMPC
vesicles are: (○) 20 mM LMPC, 80 mM DMPC; (□) 10 mM LMPC, 90 mM
DMPC; (⋄) 1 mM LMPC, 99 mM DMPC; (●) 100 mM DMPC (DMPC
vesicles) and (■) 100 mM LMPC (LMPC micelles). Solid and dashed lines are
exponential fits to the data, Eq. (13).
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DMPC vesicles and a series of DMPC vesicles mixed with
different concentrations of LMPC as a function of temperature.
Again, the phase transition of pure DMPC vesicles is well
defined. Addition of 1% of LMPC slightly increases the phase
transition temperature, but does not broaden it. Addition of 10
or 20% of LMPC to the DMPC vesicles broadens the phase
transition and increases τ||. Also, above the phase transition, the
values of τ|| are the same in both DMPC vesicles and LMPC
micelles. This similarity indicates that, although the polar shell
of LMPC micelles is more hydrated than the polar shell of
DMPC vesicles, the hydrogen bonding structure of water
molecules surrounding the spin probe is very similar, so the
rotation about the parallel axis is similar.
Fig. 6. (a) Rotational correlation time τ⊥ of 0.2 mMTEMPO-stearate in 100 mM
phospholipid vesicles in HEPES buffer at pH 7.4 as a function of temperature.
Symbols used to identify the different lysophospholipid–phospholipid concen-
trations in mixed DMPG-LMPC vesicles are: (○) 20 mM LMPC, 80 mM
DMPG; (□) 10 mM LMPC, 90 mM DMPG; (⋄) 5 mM LMPC, 95 mMDMPG;
(Δ) 4 mM LMPC, 96 mM DMPG; (∇) 3.5 mM LMPC, 96.5 mM DMPG; (▷)
2 mM LMPC, 98 mM DMPG; (●) 100 mM DMPG (DMPG vesicles) and (■)
100 mM LMPC (LMPC micelles). Error bars are standard deviations of five
measurements. Lines are to guide the eyes.
The parallel rotational correlation time τ|| for pure LMPC
micelles, pure DMPG vesicles and a series of mixed DMPG-
LMPC vesicles as a function of temperature is shown in Fig. 4.
From Fig. 4, it can be observed that above the phase transition
temperature the values of τ|| measured in DMPG vesicles are
longer than the values of τ|| in LMPC micelles. This difference
very likely comes from the increase in the number of hydrogen
bonds in the polar shell of DMPG vesicles compared to those in
the polar shells of both LMPC micelles and DMPC vesicles
[49]. The increased hydrogen bond network slows the cylindri-
cal rotation of the probe [22]. Also, addition of LMPC to the
DMPG vesicle increases the parallel rotational correlation time.
The greater the fraction of LMPC in the vesicles, the longer is
the parallel rotational correlation time.

Next, we present the perpendicular rotational correlation time
τ⊥, characterizing the rotation of the nitroxide perpendicular to
the hydrocarbon chain, for LMPC micelles, DMPC vesicles and
a series of mixed DMPC-LMPC vesicles (Fig. 5) and LMPC
micelles, DMPG vesicles and a series of mixed DMPG-LMPC
vesicles (Fig. 6) as a function of temperature. As expected, the
value of τ⊥ is greater than the value of τ|| for a given temperature,
and the value of τ⊥ in the vesicles is longer than in the micelles at
all temperatures. Additional information from the τ⊥ data can be
extracted if the reciprocal of τ⊥ is displayed as function of the
reciprocal of temperature, and then that display is fitted to the
Arrhenius equation:

1
s8

¼ Ae�
EA
RT ð13Þ

where EA is the activation energy for the perpendicular rotation
of TEMPO, and R is the universal gas constant. Since the
activation energy across the phase transition is different than in
the gel phase, to exclude the effect of phase transition only the



Fig. 8. The reciprocal of rotational correlation time τ⊥ of 0.2 mM TEMPO-
stearate in 100mMphospholipid vesicles inHEPES buffer at pH 7.4 as a function
of the reciprocal of temperature. Symbols used to identify the different
lysophospholipid–phospholipid concentrations inmixedDMPG-LMPCvesicles
are: (○) 20 mM LMPC, 80 mM DMPG; (□) 10 mM LMPC, 90 mM DMPG;
(⋄) 5 mM LMPC, 95 mM DMPG; (Δ) 4 mM LMPC, 96 mM DMPG; (∇)
3.5 mM LMPC, 96.5 mM DMPG; (▷) 2 mM LMPC, 98 mM DMPG; (●)
100 mM DMPG (DMPG vesicles) and (■) 100 mM LMPC (LMPC micelles).
Solid and dashed lines are exponential fits to the data, Eq. (13).

Table 4
Activation energies of the perpendicular rotational correlation times for LMPC
micelles, DMPG vesicles and mixed DMPG-LMPC vesicles, Eq. (13)

Mole percentage of LMPC
in DMPG vesicles

EA (kJ/mol) Correlation
coefficient

0 47.6 0.9992
2 47.0 0.9999
3.5 47.7 0.9998
4 47.1 0.9999
5 49.4 0.9995
10 42.9 0.9994
20 39.3 0.9962
100 44.2 0.9990
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temperatures above 30 °C are analyzed. Figs. 7 and 8 show
values of 1

s8
versus 1

T for LMPC micelles, DMPC-LMPC
vesicles and DMPG-LMPC vesicles together with their fits to
Eq. (13). Values of the activation energies extracted from the fits
of the DMPC series are given in Table 3, while the values of EA

of the DMPG series are given in Table 4. Values of the
correlation coefficients show that the fits are excellent. The
values of EA corroborate many of the conclusions drawn from
the hyperfine coupling spacing and rotational correlation times
data. Firstly, the values of EA for DMPC vesicles and LMPC
micelles are similar, 44.9 kJ/mol and 44.2 kJ/mol, respectively.
Again, this very possibly indicates the same hydrogen bonding
structure in those two polar shells. The value of EA for DMPG
vesicles of 47.6 kJ/mol suggests that the rotation of the spin
probe TEMPO is more restricted in the polar shell of the
negatively charged DMPG vesicles. Secondly, 1% addition of
LMPC to the DPMC vesicles does not change the activation
energy, while 10% or 20% addition of LMPC noticeably
increases the activation energy to 50.1 kJ/mol and 53.9 kJ/mol,
respectively. The same trend is observed in the τ|| data (Fig. 3).
As the polar heads are the same and the only difference between
LMPC and DMPC is in the hydrocarbon chain, the hydration of
Table 3
Activation energies of the perpendicular rotational correlation times for LMPC
micelles, DMPC vesicles and mixed DMPC-LMPC vesicles, Eq. (13)

Mole percentage of LMPC
in DMPC vesicles

EA kJ/mol Correlation
coefficient

0 44.9 0.9999
1 44.4 0.9999
10 50.1 0.9994
20 53.9 0.9964
100 44.2 0.9990
the polar shell above 30 °C only negligibly change (Fig. 1),
while the value of τ|| increases (Fig. 3). A likely explanation for
this increase might be that at the higher concentrations of LMPC
in the DMPC vesicles there is a slightly better packing of the
phospholipid molecules. Thirdly, the activation energy for the
perpendicular rotation of TEMPO in mixed DMPG-LMPC
vesicles decreases with an increasing fraction of LMPC.
Although, the value of τ|| increases with an increasing LMPC
fraction, indicating stronger hydrogen bonding, the water
concentration increase is even greater (Fig. 2), which undoubt-
edly increases the area per phospholipid molecule. Thus, the
final result is that the surface of the vesicle becomes less com-
pact, so the barrier to the perpendicular rotation decreases from
47.6 kJ/mol (0% of LMPC) to 39.3 kJ/mol (20% of LMPC).

Our data indicate that the average area per lipid in both
DMPC and DMPG vesicles is a function of LMPC molar
fraction. The decrease in average area per phospholipid in
DMPC-LMPC vesicles implies that the small increase in the
number of water molecules in the polar shell, Table 2, may be
smaller or even go in the opposite direction. On the other hand,
the increase in average area per phospholipid in DMPG-LMPC
vesicles implies that the increase in the number of water
molecules in the polar shell, Table 1, may be even greater. If we
assume a change in area of 10%, the difference in terms of
number of water molecules is at most two molecules, which
would not change the main conclusion suggested by the
experimental EPR evidence that the addition of LMPC affects
more the hydration of DMPG vesicles than the hydration of
DMPC vesicles.

According to our experimental data the structure of the polar
shell (hydration layer) of DMPC-LMC vesicles hardly changes,
because the polar heads are the same. The hydrocarbon part of
the bilayer changes, but it still remains devoid of water. This
change mostly affects the dynamics of the chains at the phase
transition, that is, the increase in the concentration of LMPC
interferes with the cooperative behavior of the hydrocarbon
chains. On the other hand, addition of LMPC to the DMPG
vesicles produces many more changes. The major change comes
from the fact that the phospholipid DMPG is negatively charged
and the lysolipid LMPC is zwitterionic, the negative charge
located on the phosphate group of DMPG attracts the positive
charge on the choline of LMPC. It is very likely that this
attraction either pulls the LMPCmolecule deeper into the bilayer
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or changes the conformation of both headgroups [45], so water
molecules now can fill the space around the LMPC molecule,
and the concentration of water in the polar shell increases as
observed in Fig. 2. Molecular dynamics simulations of the
system could be a good way to study these changes. Also, it is
very likely that the LMPCmolecule acts as a cone wedge among
phospholipid molecules, because its polar head has a greater
cross section than the hydrocarbon chain and it is embedded
slightly deeper in the bilayer. The cone shape of LPC has been
used to explain the inhibition of stalk formation in both fusion of
purely phospholipid bilayers and fusion of biological mem-
branes [5]. The increased hydration can also account for part of
the inhibitory nature of LMPC, because one of the prerequisites
for membrane fusion is the hydrophobic interaction of fusing
membranes [4,13]. Our rotational correlation time results also
indicate that the hydrogen bonding structure in the polar changes
in both DMPG-LMPC and DMPC-LMPC vesicles.

4. Conclusions

Our experimental data clearly indicate that the addition of
lysophosphatidylcholine to the negatively charged DMPG
vesicles increases the hydration of the polar shell, whereas the
hydration of the polar shell of the zwitterionic DMPC vesicles
does not noticeably change. At 35 °C, addition of 20 mol% of
LMPC to the DMPG vesicles increases the concentration of
water in the interfacial layer of DMPG vesicles by 8.4 M,
whereas in the case of mixed DMPC-LMPC vesicle the water
concentration in the interfacial layer of DMPC vesicles changes
only by 3.3 M. The negative charge of DMPG electrostatically
attracts the positively charged choline group of the LMPC
molecule, either pulling the LMPC molecule deeper into the
bilayer or changing the conformation of both headgroups. The
space above and around the LMPC molecule is then filled with
water molecules, so the concentration of water in the polar shell
increases. Due to the presence of negative and positive charges
located on DMPC and LMPC molecules, sodium counterions
and polar water molecules, the hydrogen bonding structure in the
polar shell also changes. The increase in the values of τ|| with an
increasing fraction of LMPC in DMPG vesicles indicates that
the hydrogen bonding structure becomes stronger. The decrease
in activation energy to perpendicular rotation as a function of the
LMPC concentration in DMPG vesicles can be explained by an
increase in surface area per phospholipid. The inhibitory nature
of LMPC in both vesicle and biological fusion comes from the
increase in surface hydration, as well as from the dynamic cone
shape of LMPC in the phospholipid bilayer. In the case of DMPC
molecules, the hydrogen bonding structure strengthens, while
the area per phospholipid decreases as a function of LMPC
concentration. The slight increase in hydration just above the
phase transition likely comes from the change in phospholipid
packing.
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