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Abstract

Electron paramagnetic resonance (EPR) and differential scanning calorimetry (DSC) have been used to study the effect on the phase
transition of dimyristoylphosphatidylcholine membranes of incorporating various stearic acid spin labels (SASL’s) that contain the bulky
oxazolidine ring at various positions along the stearyl chain. SASL’s lowered the phase transition temperature and decreased the size of
the cooperative unit, with the effects stronger in the order of 9-> 12-> 5-> 16-SASL > stearic acid (no label). Incorporation of stearic
acid without the spin label slightly increases the phase transition temperature. Incorporation of 9-SASL (3 mol% of lipid) decreased the
transition temperature by 1.8°C and the cooperative unit to 1/5 of that without the spin label, while the effect of 16-SASL was slight. The
effect on transition enthalpy was small. It is concluded that the perturbing effect of placing a bulky group on the alkyl chain on phase

transition is through inducing packing defects in the gel-phase.
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1. Introduction

The biological membrane has a three-dimensional archi-
tecture. Nevertheless, it is often treated as a two-dimen-
sional structure. Even when interaction of molecules in the
membrane or the effect of incorporating foreign molecules
in the membrane is investigated, the ‘depth’-dependent
interaction of molecules in the membrane has not been the
major subject of study in most cases. Previously, we
reported two cases in which the ‘depth’-dependent molecu-
lar interaction in the membrane plays critical roles in
determining the two-dimensional organization of the mem-
brane, such as microimmiscibility and transient molecular
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clustering: (1) mismatch in hydrophobic length between
rhodopsin and the lipid alkyl chains in reconstituted mem-
branes leads to molecular association of rhodopsin in the
membrane, while at the best match found with palmitoyl
chain, rhodopsin tends to be monomers [1]. This observa-
tion was later confirmed by Ryba and Marsh [2] and for
Ca?*-ATPase by Cornea et al. [3]. (2) In the membranes of
cholesterol and cis-unsaturated phosphatidylcholine (PC),
the fluid-phase immiscibility is prevalent and small choles-
terol-rich (oligomeric) domains are forming and dispersing
continually with a lifetime of 10™° to 1077 s [4,5]. This
was induced by the non-conformability of the tetracyclic
sterol backbone of cholesterol which reaches = C10 of the
alkyl chain and the rigid bend at the cis double bond at
C9 = C10 when they are adjacently placed in the mem-
brane.

Translational diffusion and permeability of small
molecules such as molecular oxygen within and across the
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Fig. 1. Chemical structures of DMPC and SASL’s used in this work.
Their locations in the membrane, and the location of the nitroxide in the
stearic chain are shown.

membrane are strongly affected by the ‘depth’-dependent
molecular interaction. Cholesterol decreased the local oxy-
gen transport rate (the product of local oxygen concentra-
tion and diffusion coefficient) in the membrane near the
membrane surface in the hydrophobic region but increased
it in the central part of the bilayer of dioleoyl-PC and
egg-yolk PC. This is probably caused by the bulky but
short sterol backbone of cholesterol, which would create
free volume in the membrane center [6,7]. The level of
water penetration shows just opposite of the profiles of the
oxygen transport rate across the membrane. Water penetra-
tion suddenly decreases about where the bulky sterol back-
bone of cholesterol ends in the directi>n normal to the
membrane [8].

In the present investigation, we studied the depth-de-
pendent effect of placing a bulky group in the membrane
on the phase transition of dimyristoylphosphatidylcholine
(DMPC) bilayer. For this purpose, various stearic acid spin
labels (SASL’s) were used, i.c., the effect of the bulky
oxazolidine ring attached to C5, 9, 12, or 16 (5-,9-,12-, or
16-SASL, respectively, Fig. 1) of the stearic acid was
investigated using electron paramagnetic resonance spec-
troscopy (EPR) and differential scanning calorimetry
(DSC). Another purpose of this study is to evaluate the
perturbing effect of various SASL’s in the membrane.
Although these spin labels have been used for many years
to study phase transition of membranes, systematic study
on the perturbing effect of these spin labels is very limited
[9-11]. Segmental order parameters estimated by deu-
terium magnetic resonance are quite different from those
determined by spin labeling [12], which can be due to both
difference in the sensitive time scale (ns versus us) and
the larger perturbing effect of the oxazolidine ring of
SASL.

2. Materials and methods
2.1. Materials

DMPC and stearic acid were obtained from Sigma (St.
Louis, MO), and stearic acid spin labels were obtained
from Molecular Proves (Eugene, OR). The buffer used was
0.1 M sodium borate at pH 9.5. This high pH value
ensures that all carboxyl groups of SASL’s are ionized in
PC membranes [13—16]. The structure of PC membranes is
not altered at pH 9.5 [15-18].

2.2. Membrane preparation and EPR measurements

The membranes used in this work were multilamellar
dispersions of lipids containing various amounts of SASL
and were prepared as described by Kusumi et al. [15,18].
The lipid dispersion (1077 mol of total lipid/ml) was
centrifuged briefly, and the loose pellet (=20% lipid
w/w) was used for EPR measurement. The sample was
placed in a 0.9 mm i.d. gas permeable TPX capillary [19].
The capillary was placed inside the EPR dewar insert and
equilibrated with nitrogen gas, which was used for temper-
ature control. The sample was thoroughly deoxygenated at
a temperature well above the phase transition of the lipid
bilayer to obtain correct EPR lineshape. This is especially
important at phase transition, because oxygen concentra-
tion-diffusion product changes abruptly at the phase transi-
tion of the membrane [6,15,20]. EPR spectra were obtained
at X-band. A Varian E-109 and Varian E-3 spectrometers
with an E-231 Varian multipurpose cavity (rectangular
TE,;, mode) were used. Temperature was regulated by
passing the nitrogen gas through the coil placed in a water
bath, and was monitored using a copper-constantan ther-
mocouple that was placed in the sample at the center of the
microwave cavity. Temperature was regulated better than
+0.1°C (this was possible because the temperature range
used was close to the room temperature). Temperature was
always lowered by adding small amount of cold water in
the water bath with rapid agitation. Special care was taken
not to raise the temperature during the cooling experiment.

2.3. DSC measurements

Mulitilamellar dispersions of lipids were formed as de-
scribed above (but at a half concentration). DSC measure-
ments were performed with a Seiko SSC5000-DSC100
differential scanning calorimeter (Seiko Instruments, Chiba,
Japan). Temperature was raised at a rate of 0.5°C/min.
The membrane suspension was sealed in a silver metal
container of 6 mme¢ X 10 mm, and weighed within an
accuracy of +1 wg. To balance the heat capacities be-
tween the sample and the reference holders, the buffer
solution was used as a reference. In repeated measure-
ments of the suspension, the temperature values at the peak
of the transition could be reproduced to +0.1°C, and the
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enthalpy determined from the numerical integration of the
area under the DSC curve could be reproduced to within
+0.2 kcal /mol.

3. Results and discussion
3.1. EPR measurement

The main phase transition of DMPC membranes was
first monitored by observing the intensity of the central
line of the EPR spectra of SASL’s. The intensity changes
significantly at the phase transition; decrease in signal
amplitude approaching 50% has been observed in a cool-
ing experiment. Fig. 2A shows the changes in the normal-
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Fig. 2. Normalized intensity of the central peak of the EPR spectra
plotted as a function of temperature (cooling experiments). (A) 12-SASL,
shown as a function of 12-SASL concentration (1, 2, and 3 mol%). (B)
Effect of 3 mol% of 5-, 9-, 12-, and 16-SASL. The definition of T, is
shown. T, is the midpoint temperature at which the EPR signal ampli-
tude equals (a+ b)/2, where a and b are, respectively, the normalized
intensity at a given temperature in the extended linear portions of the
upper and lower ends of the transition curve. As the sharpness of the
transition, we employ the width AT, ,,, which is defined by two tempera-
tures at which the EPR signal amplitude is (a +35)/4 and (3a+ b)/4.
(C) Effect of stearic acid monitored with 0.5 mol% 16-SASL.

ized signal amplitude of 12-SASL. As the concentration of
12-SASL increases (from 1 to 3 mol%), the phase transi-
tion shifts toward lower temperatures and the width broad-
ens. Fig. 2B shows the effect on the phase transition of
various SASL’s at 3 mol%. The influence on the transition
temperature and on the sharpness of the transition depends
on the location of the oxazolidine free-radical moiety
along the stearic chain. The greatest effect was observed
for 9-SASL. The effect is stronger in the order of 9-> 12-
> 5-> 16-SASL. For 16-SASL, a small broadening with a
negligible shift of 7,, (less than 0.1°C) was observed.
Therefore, we used 0.5 mol% of 16-SASL to monitor the
effect of stearic acid (parent molecule without nitroxide)
(Fig. 2C).

Phase transition temperature, 7, , and the width of
transition, AT, ,, were operationally defined from the
EPR data as shown in Fig. 2B as was previously done for
Raman data [21]. Namely, T, is the midpoint temperature
at which the normalized intensity equals (a + b) /2, where
a and b are, respectively, the intensities at a given temper-
ature in the extended linear portions of the upper and
lower ends of the transition curve, while AT, ,, is defined
by two temperatures at which the normalized EPR signal
intensities are (a+ 3b)/4 and (3a + b)/4. These give
values close to the transition temperature and width de-
fined by DSC for pure DMPC membranes [22]. AT, 2
ranged between 0.2°C and 1.2°C, the former for 0.5 mol%
16-SASL, while the latter for 3 mol% 9-SASL in the
membrane.

T,, values are shown as a function of n (for n-SASL,
n=>5,9, 12, 16) and the mol fraction of SASL (and stearic
acid) in Fig. 3. The perturbing effect is largest at C9 and
decreases as the depth in the membrane becomes either
shallower or deeper (Fig. 3A). In addition, up to 3 mol%,
T,, changes linearly with SASL concentration (Fig. 3B). In
the case of stearic acid, its incorporation increases 7,,. This
observation is consistent with previous reports showing
that long chain hydrocarbon acids and alcohols cause an
increase of the transition temperature [23,24].

3.2. DSC experiments

DSC experiments were performed at 0, 3, and 10 mol%
SASL concentrations. Typical DSC curves are presented in
Fig. 4 for pure DMPC suspension and DMPC membranes
containing 10 mol% of 5-, 9-, 12-, and 16-SASL. Only a
single peak appeared in the presence of 5-, 12- and 16-
SASL, while, for 9-SASL., two peaks appeared, suggesting
occurrence of phase separation.

These peaks give the midpoint of phase transition (7_,,),
and by integrating these curves, total enthalpy for the
transition (AH_,) was evaluated. T,,; and AH_, are sum-
marized in Table 1 along with T, and AT, ,,. T, and T
are similar to each other. The effect is stronger in the order
of 9-> 12-= 5-> 16-SASL.

Similar observations were reported on the effect on T,
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Fig. 3. (A) T,, plotted as a function of n (n-SASL) for DMPC mem-
branes containing (a) 1, (b) 2. and (c) 3 mol% SASL. (B) 7,, plotted as a
function of concentration of SASL and stearic acid.

of placing a single double bound along the stearoy! chain
of distearoylphosphatidylcholine [25-27]. The effect was
strongest when the location of the unsaturated cis double
bond was in the middle of the lipid alkyl chain.

AH,_,, is less sensitive to the depth-dependent effect of
the perturbing group. The effect is large for 5-, 9-, 12-
SASL, and stearic acid. The reason for the large decrease
for stearic acid is not clear.

3.3. The size of the cooperative unit

The van 't Hoff enthalpy AH, 4 can be evaluated from
T,, and AT, ,, obtained from the EPR experiment (shown
in Table 1) according to the equation,

AHVH :4RTr§/AT]/2 (1)

Table 1
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Fig. 4. DSC curves (heating experiments) for multilamellar dispersion of
DMPC containing no or 10 mol% of 5-, 9-, 12-, and 16-SASL. These
curves were not corrected for lipid concentration.

The ratio AH,,;/AH_,, gives the number of molecules in a
cooperative unit ([22,28], also listed in Table 1), although
this number cannot be equated explicitly to the number of
lipid molecules or hydrocarbon chains undergoing transi-
tion simultaneously. However, it can give a convenient
measure of the cooperativity of the transition. The coopera-
tive unit size obtained here for pure DMPC membrane is
greater than those estimated previously [22,28,29]. This
may be due to the cooling experiment for estimation of
AH,, and /or the low rate of temperature change (2 C°/h)
in our measurements.

The cooperative unit size is far more sensitive to addi-
tion of SASL’s than the enthalpy change (AH,,) (Table
1). The effect is stronger in the order of 9-> 12-> 5-> 16-
SASL > stearic acid. At the position of the oxazolidine
ring, the cross-section of a stearic acid spin label is
approximately twice that of a normal chain (Fig. 5, the
cross-sections were obtained for the space filling models
created using Alchemy III software). If such a molecule is
then incorporated into a bilayer, the neighboring chains are
pushed apart and free volume is created, by which cooper-
ativity may be lost.

Fig. 5 shows a schematic drawing of geometrical rela-

Properties of the phase transition of multilamellar dispersion of DMPC membranes in the presence of 3 mol% of various SASL's *

Addition T,, (°C) AT, ,, (°C) T, CO AH y (kcal /mol) AH,,, (keal /mol) Cooperative unit
EPR EPR DSC EPR DSC (No. of molecules)
No ® 23.6 0.20 23.8 3080 5.5 560
5-SASL 22.8 0.40 22.2 1530 5.0 306
9-SASL 21.8 1.15 21.1¢ 530 50° 106
12-SASL 222 0.75 224 813 5.0 163
16-SASL 236 0.25 232 2460 55 448
Stearic acid > ¢ 23.7 0.30 24.3 2054 45 456

* Accuracies of measurements are the following: T,,, +0.1°C; 4T, ,,, £0.2°C; T, £0.1°C; AH,,;. +£0.2 kcal /mol. ® EPR measurements performed
with 0.5 mol% 16-SASL. © Effect of 5 mol% of SA. ¢ Indicating the major peak. ¢ Estimated from the total area under the DSC curve.
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Fig. 5. Schematic drawing showing geometrical relationship between
SASL’s and neighboring myristoyl chains in the gel-phase membrane. All
chains are assumed to have all trans conformations. At the position of the
oxazolidine ring, the cross section of a stearic acid spin label is 2.1-times
greater than that of a normal chain as estimated from the shadows of the
space filling models using a software Alchemy III.

tionship between SASL’s and neighboring myristoyl chains
in the gel-phase membrane. All chains are assumed to have
all trans conformations. Packing defects (free volume in
the membrane) induced by placing the bulky group is
largest when it is placed in the middle of the chain (Fig.
5), which we propose is the reason that 9-SASL has the
largest effect on phase transition.

SASL’s have been widely used for studying biological
and artificial membranes. However, the present study
clearly showed that the use of these probes in investigation
of phase transition of membranes and in the studies of
lipid conformation and dynamics in the gel phase requires
caution in their interpretation of data. The guideline for the
acceptable SASL concentrations can be estimated from
Fig. 3 in this report.
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