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ABSTRACT The relation between the dynamic properties of the haptenic site of lipid haptens and the phase transition of
the host lattice was investigated using head group spin-labeled phosphatidylethanolamines, that is, spin-label lipid
haptens (Brilet, P., and H. M. McConnell, 1976, Proc. Natl. Acad. Sci. USA. , 73:2977-2981; Briilet, P., and H. M.
McConnell, 1977, Biochemistry, 16:1209-1217). The electron spin resonance (ESR) spectra of the lipid haptens in
liposomal membranes showed three narrow resonance lines, whose widths and hyperfine splitting values suggested that
the haptenic site, i.e., the spin-label moiety, should be exposed in the water phase. The line width of each peak depended
on the host lipid species and on the incubation temperature. A temperature study using dipalmitoylphosphatidylcholine
(DPPC) liposomes showed that the dynamic properties of the haptenic site were related to the main phase transition and
the subphase transition of the host lattice but not to the prephase transition. The angular amplitudes of the tumbling
motion of the haptenic site were estimated using oriented multibilayer systems. The angular amplitude of dipalmitoyl-
phosphatidyl-N-[[ N-(1-0xyl-2,2,6,6-tetramethyl-4-piperidinyl)-carbamoyl]-methyl]-ethanolamine in DPPC mem-
branes was 63° at 2°C, and it increased slightly with an increase in temperature regardless of the phase transition of the
host lattice. The value for egg phosphatidylcholine (PC) at 25°C was the same as for DPPC above its main phase
transition temperature. Rotational correlation time analysis showed that the axial rotation of the haptenic site was
preferable to the tumbling motion of the rotational axis, and the predominance depended on the phase transition, Lc <
L8 and P8 <+ La. Elongation of the spacer arm between the haptenic site and phosphate increased the angular
amplitude of the tumbling motion but reduced the effect of the host lattice. Spin-label lipid haptens with unsaturated
fatty acyl chains were distributed heterogeneously in DPPC membranes, whereas those with the same fatty acyl chain
as the host lattice were distributed randomly. The ESR spectrum of a lipid hapten under its prephase transition
temperature showed two components, broad and narrow. This suggests that at least two different domains, a
hapten-rich domain and a hapten-poor one, may coexist in membranes. ESR measurements at various temperatures
suggested that the haptenic site fraction in the hapten-rich domain decreased in part during the phase transition from
Lg’ to Pg’, and disappeared completely in the La phase. The spatial mobility and lateral diffusion of lipid haptens will be
discussed in greater detail.

INTRODUCTION

The dynamic properties of cell membranes are known to
play important roles in various physiological phenomena in
biomembranes (Curtain, 1984). To elucidate the dynamic
properties of membranes and their effects on biological
activities, reconstituted membrane systems have been
widely used. Liposomes containing a dinitrophenylated
phospholipid or glycolipid as a hapten are susceptible to
antibody-activated complement, and the interaction of the
hapten with the antibody is affected by the composition of
the liposomes and the incubation temperature (Kinsky,
1972). Concerning the effects of the lipid composition,
there have been various reports (Briilet and McConnell,
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1976, 1977; Alving et al., 1980; Suzuki et al., 1981;
Balakrishnan et al., 1982; Utsumi et al., 1984; Petrossian
and Owicki, 1984; Stanton et al., 1984). Brilet and
McConnell (1976, 1977), Alving et al. (1980), Balakrish-
nan et al. (1982), Petrossian and Owicki (1984), and
Stanton et al. (1984) suggested that the membrane compo-
sition may affect the extent of exposure and the mobility of
the haptenic site, through which the haptenic activity
should be regulated. In addition to the fluidity, the lateral
distribution of a hapten in membranes seems to affect the
antibody—antigen interaction. Some of us (Suzuki et al.,
1981; Utsumi et al., 1984) and others (Delmelle et al.,
1980; Tillack et al., 1982) found that some of a glycolipid
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may form a cluster phase in phosphatidylcholine liposomes
below its main phase transition temperature (Tc). The
random distribution of a hapten may be favorable for its
interaction with an antibody (Suzuki et al., 1981; Utsumi
et al., 1984). These facts indicate the diversity of the
effects of the bulk lipid on the recognition process in
biomembranes.

Recently, the polymorphism of hydrated phospholipids
has become much clearer. In the case of dipalmitoylphos-
phatidyl choline (DPPC) liposomes, three phase transi-
tions, sub-, pre-, and main phase transitions, have been
observed at 18°, 35°, and 41°C, respectively (Chapman,
1973; Chen et al., 1980). These conversions have been
confirmed to correspond to the transformation of Lc <+ Lg'
«> PB’" <= La by x-ray analysis (Ruocco and Shipley,
1982a,b; Fiildner, 1981). The presence of a hexagonal
phase and lipidic particles in liposomes composed of other
phospholipids was suggested (Cullis and de Kruijff, 1979;
Verkleij, 1984). These mesomorphic forms also seem to
coexist in biomembranes and to regulate the bioactivities of
the membranes (Cullis and de Kruijff, 1979). However,
little is known about the influence of membrane polymor-
phism on the spatial motion of a haptenic site or on the
lateral distribution of a lipid hapten in liposomes.

The spin-label technique is very sensitive and useful for
determination of the motion in the time-range of 107"
107 s (Hyde and Dalton, 1979). McConnell and his
colleagues (Brilet and McConnell, 1976, 1977; Brilet et
al., 1977) developed excellent spin-label lipid haptens,
which have 2,2,6,6-tetramethylpiperidine-1-oxyl (TEM-
PO) at the polar head group of phosphatidylethanolamine,
and they found that TEMPO itself can function as a
hapten like a dinitrophenyl or a trinitrophenyl group. It is
reported that the immunological responses of liposomes
containing the spin-label lipid hapten are quite similar to
those of liposomes containing glycolipids or other haptens.
Therefore these spin-label lipid haptens should be suitable
for detail studies on the effects of the bulk lipid on the
physical properties of lipid haptens.

In the present work, using both liposomal systems and
oriented multibilayer systems, we investigated in great
detail the dynamic properties of the spin-label lipid haptens
related to the polymorphism of phospholipid membranes.
To elucidate the relation of the lateral distribution of the
haptens in lipid membranes with their polymorphism,
spin-label lipid haptens with unsaturated fatty acyl chains
were newly synthesized and the cluster formation of spin-
label lipid haptens was also investigated.

MATERIALS AND METHODS

Lipids
Egg phosphatidylcholine (egg PC) and egg phosphatidylethanolamine
(egg PE) were isolated from egg yolk by chromatography on aluminum
oxide (Woelm, W-200 neutral) and silicic acid (Mallinckrodt, Inc., Paris,

KY) in our laboratory. DPPC, dipalmitoylphosphatidyiethanolamine
(DPPE), cholesterol, and dicetylphosphate (DCP) were purchased from
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Sigma Chemical Co. (St. Louis, MO). The purity of lipids was checked
by thin-layer chromatography (Merck Kieselgel 60, Darmstadt, West
Germany; 0.25-mm thick, CH,Cl/CH,;OH/H,0 [65:25:4, vol/vol/vol}]).
All lipids were separately stored as a chloroform solution at —20°C. The
concentrations of phospholipids were determined as inorganic phosphate
by the method of Gerlach and Deuticke (1963).

Spin-Label Lipid Haptens

Four different spin-label lipid haptens, whose structures and abbrevia-
tions are shown in Fig. 1, were prepared by the method of Briilet and
McConnell (1976, 1977) with a slight modification. Dipalmitoylphospha-
tidyl-N-[[N-(1-o0xyl-2,2,6,6-tetramethyl-4-piperidinyl)-carbamoyl]-
methyl]-ethanolamine (SL6-DPPA) and dipalmitoylphosphatidyl-/V-[4-
[N-(1-0xyl-2,2,6,6-tetramethyl-4-piperidinyl)-carbamoyl]-butyryl]-eth-
anolamine (SL9-DPPA) were synthesized through reaction of DPPE
with iodoacetamide spin-label and glutaramide spin-label, respectively, at
50°C. Egg yolk phosphatidyl-V-[[/N-(1-0xyl-2,2,6,6-tetramethyl-4-pip-
eridinyl)-carbamoyl]-methyl]-ethanolamine (SL6-eggPA) and egg yolk
phosphatidyl-N-[4-[ N-(1-o0xyl-2,2,6,6-tetramethyl-4-piperidinyl)-car-
bamoyl]-butyryl]-ethanolamine (S1.9-eggPA) were prepared through
reaction with egg PE at room temperature. Purifications were performed
by column chromatography (Bio-Sil A, 200-400 mesh; Bio-Rad Labora-
tories, Richmond, CA) followed by a preparative thin-layer chromatogra-
phy (Merck Kieselgel 60, 0.25-mm thick). All the spin-label lipid haptens
gave a single spot on thin-layer chromatography. The phosphate contents
of SL6-DPPA and SL9-DPPA were 2.922 (calc.) and 2.470 (obsd.), and
2.736 (calc.) and 2.016 (obsd.), respectively. That the observed values are
lower than the calculated ones might be due to contamination by silicic
acid during the preparative thin-layer chromatography. All the spin-label
lipid haptens thus obtained were dissolved in chloroform to the same
concentration (0.4 mM as phosphorus) and stocked at —20°C. The stock
solution of each spin-label lipid hapten showed the same signal intensity in
the electron spin resonance (ESR) spectrum, suggesting that there were
no appreciable differences in spin density among the four spin-label lipid
hapten preparations.

Preparation of Liposomes and Oriented
Multibilayers

Multilamellar liposomes composed of PC (1 umol), DCP (0.1 umol), and
various amounts of a spin-label lipid hapten were prepared in 100 ul of
phosphate-buffered saline (PBS; S mM sodium phosphate and 0.85 %
NaCl; pH 7.4) as described previously (Utsumi et al., 1976).

Oriented multibilayers were prepared as described previously (Naka-
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FIGURE 1 Structures of spin-label lipid haptens. The lipid regions of
SL6-DPPA and SL9-DPPA were derived from DPPE, whereas those of
SL6-eggPA and SL9-eggPA were from egg PE.
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gawa et al., 1976). PC, DCP, and a spin-label lipid hapten were mixed at
the molar ratio of 1:0.1:0.016 in chloroform, and then the solution was
transferred onto a glass plate (20 x 3 mm). After evaporation of the
solvent, a very small amount of PBS was dropped onto the lipid film. The
preparation was covered with another glass plate to prevent water loss
during the measurement.

ESR Measurement

20 pl of the liposomal suspensions was taken up into a disposable
micropipette (Drummond Scientific Co., Broomall, PA). The pipette was
sealed at one end with a Hemat Sealer, and then kept at a constant
position in the ESR cavity. On the other hand, a pair of glass plates
sandwiching an oriented multibilayers was placed in a ESR sample tube,
which was then inserted into the ESR cavity. The plates were oriented so
that the magnetic field was perpendicular or parallel to them. ESR
spectra were recorded with a JEOL JES-PE-IX spectrometer (X-band,
100-kHz field modulation, 2.0-gauss modulation width) equipped with a
temperature controller.

Schreier et al. (1978) proposed that the line width (AHms1) of an
individual (hyperfine) line is given by following equation:

AHms1(m) = A + Bm = Cn?’,

where m is the z component of the nitrogen nuclear spin quantum number
(for "N, with a nuclear spin / = 1, the low field, central, and high field
lines correspond to m = +1, 0, and — 1, respectively). Term A includes
contributions other than motional. Terms B and C can be defined as
functions of the peak-to-peak line width of the central line, AHms1(0),
and the amplitudes of the mth lines, h(m). From terms B and C, the
rotational correlation times, 7g and 7, were calculated using the following
equations reported by Schreier et al. (1978):

75 = 0.635AHms1(0) [h(0)/h(—1))"/> — [h(0)/h(+1)]"/*(ns)
7e = 0.595AHms1(0) [h(0)/h(+1)]'
+ [h(0)/h(—1)]"% — 2 (ns)

The apparent rotational correlation time, 75, was also calculated using the
following equation (Keith et al., 1970; Utsumi et al., 1985):

7r = 0.65 AHms1(0) [h(0)/h(~1)]' - 1 (ns).

The order parameter was calculated with the following equation
(Hubbell and McConnell, 1971):

B A|| — Al ao’
"~ (Apy + Azz)/2 — Axx a0’

where a0’ = (Axx + Ayy + Azz)/3and ao = (A, + 2A,)/3, and Axx,
Ayy, and Azz are 5.2, 5.2, and 31 gauss, respectively, which are the
principal hyperfine splittings of 1-oxyl-2,2,6,6-tetramethyl-4-piperidone
(Griffith et al., 1965).

RESULTS

ESR Spectra of Spin-Label Lipid Haptens
with Saturated Fatty Acyl Chains in
Lecithin Liposomes

The spin-label lipid haptens with saturated fatty acyl
chains, SL6-DPPA and SL9-DPPA, were incorporated
into egg PC- or DPPC-liposomes, and then the ESR
spectra of the four preparations were measured at 25°C
(Fig. 2). All the spectra consisted of three narrow lines,
suggesting that the spin-label moiety in the molecules
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FIGURE 2 Typical ESR spectra of SL6- and SL9-DPPA in egg PC or
DPPC liposomes at 25°C. 1.43 mol% of a spin-label lipid hapten was
incorporated into liposomes composed of phosphatidylcholine and DCP
(molar ratio 1:0.1). The combinations of phosphatidylcholine and spin-
label lipid haptens were (a) egg PC-SL6-DPPA, (b) egg PC-SL9-

DPPA, (c) DPPC-SL6-DPPA, and (d) DPPC-SL9-DPPA. The ESR
spectra were measured at 9.25 GHz and 2.0 gauss modulation width.
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exhibits a rapid tumbling motion in the liposomal mem-
branes. The peak height ratio among the three resonance
lines depended on the bulk lipid species. For egg PC
liposomes, the peak height decreased gradually with an
increase in magnetic field intensity, while for DPPC
liposomes no appreciable difference was observed between
the low field peak height (h(+1)) and the central one
(h(0)). In addition, SL6-DPPA gave asymmetric reso-
nance lines with respect to the baseline in DPPC lipos-
omes.

Egg PC and DPPC liposomes are known to be in the
liquid crystalline state (La) and the gel state (L3') at 25°C,
respectively. To determine whether or not the state of the
host lattice is responsible for the difference in the spectra
between egg PC and DPPC liposomes, ESR spectra of
SL6-DPPA in DPPC liposomes were recorded at various
temperatures (Fig. 3). The ESR spectrum of SL6-DPPA
at 45°C (Fig. 3 a) was almost the same as that in the case
of egg PC liposomes at 25°C (Fig. 2 a), suggesting that the
dynamic properties of the bulk lipid should influence the
peak height ratio. Very interestingly, the spectrum of
SL6-DPPA at 2°C was quite different from the other
spectra (Fig. 3 ¢). The spectral change showed reversibility
with incubation temperature. The central peak in the
spectrum at 2°C was the highest, and each resonance line
at 2°C was broader than the corresponding line at 25° or
45°C. This suggested that the spin-label moiety in SL6-
DPPA should be relatively restricted in motion at 2°C.

The peak height ratio (h(+1)/h(0)) of SL6-DPPA was
plotted against the incubation temperature (Fig. 4). The
ratio increased with an increase in temperature up to 43°C,
and then decreased. A discontinuous point around 20°C
and a steep increase between 40° and 43°C were observed.
These temperatures are close to the subphase transition
temperature (Tsub) and Tc of DPPC membranes (Chap-
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FIGURE 3 ESR spectra of SL6-DPPA in DPPC liposomes at various
temperatures. The method of preparation of liposomes and the ESR
measurement conditions are given in the legend to Fig. 2. The tempera-
tures of the ESR measurements are indicated on the left sides of the

spectra.

man, 1973; Chen et al., 1980). Such a change in h(+1)/
h(0) around Tc was also observed for dimyristoylphospha-
tidylcholine (DMPC) liposomes, in accord with the results
of Humphries (1980), but the decrease above Tc was not so
abrupt as that in DPPC liposomes (data not shown). A
similar temperature dependence was also observed in the
ESR spectra of SL9-DPPA, but the thermotropic change
was much smaller than that in the case of SL6-DPPA (Fig.
4). This small change may suggest that the longer spacer
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FIGURE 4 Temperature dependency of the peak height ratio (h(+1)/
h(0)) of the ESR spectra for SL6- and SL9-DPPA in DPPC liposomes.
1.43 mol% of SL6-DPPA or SL9-DPPA w3s incorporated into liposomes
composed of DPPC and DCP (molar ratio 1:0.1), and then ESR spectra
were measured at various temperatures. The peak heights (h(+1) and
h(0)) are as indicated in Fig. 2. The peak height ratios, h(+1)/h(0), of
SL6-DPPA (0) and SL9-DPPA (e) were plotted against temperature.
The three arrows in the figure indicate the main (Tc), pre- (Tpre), and
subphase transition temperatures (Tsub) of DPPC membranes, respec-
tively.
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length may lessen the influence of the host lattice. Despite
the great distance between the spin-label moiety and the
membrane surface, these results imply that the physical
properties of the host lattice should affect the mode and the
rate of motion of the spin-label moiety.

The unexpected spectra shown in Fig. 2 imply that a
dominant rotational axis should exist. To elucidate the
motional mode of the spin-label moiety, evaluation of two
different rotational correlation times, 73 and 7¢, as pro-
posed by Schreier et al. (1978), is very useful. For a rapid
isotropic motion, 75 should equal .. However, anisotropic
rotation about the x-axis or the other axes should make 7
larger or smaller than 7¢, respectively. The ratio of the two
(78/7c) might be a suitable parameter for the degree of
anisotropy of the motion and the direction of the preferred
axis. Thus 75 and 7¢ of SL6-DPPA in liposomes were
calculated from the three peak heights, h(+1), h(0), and
h(—1), and the line width of the central peak, AHms1(0).
In Fig. 5, 7g/7¢ ratios are plotted against temperature. At
2°C, rg/7c was slightly smaller than 1.0. But with an
increase in temperature, 7/7¢ increased, and above 15°C,
it became larger than 1.0, indicating that the spin-label
moiety of SL6-DPPA rotates predominantly about the
x-axis above 15°C. A discontinuous point around 20°C and
a steep increase between 40° and 43°C were observed,
coinciding with the behavior of the peak height ratio,
h(+1)/h(0), although 73/7c was almost constant above
43°C (refer to Fig. 4). The apparent rotational correlation
time () of the spin-label moiety was also plotted against
temperature (Fig. 5). 7 decreased with an increase in
temperature. It is noteworthy that above 43°C, 74
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FIGURE 5 Temperature dependency of the rotational corselation time
ratio (rg/7c) and the apparent rotational correlation time (rg) of SL6-
DPPA incorporated into DPPC liposomes. Two rotational correlation
times, 7 and ¢, were calculated from the ESR spectra for SL6-DPPA
shown in Fig. 4, as described under Materials and Methods, and the ratio
of the two, 73/7¢, was plotted against temperature (0). The three arrows
in the figure are explained in the legend to Fig. 4. The apparent rotational
correlation time, rg (A), was calculated as described under Materials and
Methods.
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decreased remarkably despite the constant 75/7¢. 7g should
be correlated to the rate of the tumbling motion of the
spin-label moiety when the molecular motion is isotropic.
The remarkable decrease in 7 indicates an increase in the
tumbling motion of the spin-label moiety above 43°C.

ESR Spectra of Spin-Label Lipid Haptens
in Oriented Multibilayers

The spin-label moiety of a spin-label lipid hapten should
show two motions, axial rotation and rapid tumbling. The
peak height ratio among the three resonance lines should
be affected by the angular amplitude of the tumbling
motion in addition to the rate of the axial rotation and the
tumbling motion. To determine the angular amplitude,
ESR spectra of oriented multibilayer systems were
recorded with the external magnetic field parallel and
perpendicular to the plane of the membrane surface.
Typical ESR spectra of SL6-DPPA at 45° and 2°C are
shown in Fig. 6. The spectra for the perpendicular orienta-
tion seem to be contaminated by the component for the
parallel orientation, causing the appearance of two signals
in the higher magnetic field. This contamination was often
observed in the oriented multibilayer systems (Smith and
Butler, 1976), possibly due to an amount of spin-label
molecules, on the edge of the membranes, that is not
negligible. Thus an apparent hyperfine splitting was
defined with the half distance in gauss measured between
the low field line and the high field line from the point
where each intersects the baseline. A, and A, denote the
splittings observed for the two principal orientations of the
bilayers to the magnetic field. Using A, and A,, the order
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FIGURE 6 Typical ESR spectra for SL6-DPPA in oriented multibi-
layers. 1.43 mol% of SL6-DPPA was incorporated into oriented multi-
bilayers composed of DPPC and DCP (molar ratio 1:0.1). Spectra were
measured with the external magnetic field perpendicular (—) and
parallel (---) to the surface of the multibilayers. A, and A, denote the
perpendicular and parallel components of the hyperfine splitting, respec-
tively. The temperatures of ESR measurements are indicated on the left
sides of the spectra.
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parameters and angular amplitudes were calculated
assuming a restricted random walk model for the spin-label
moiety (Jost et al., 1971) (Table I). The angular amplitude
of SL6-DPPA in DPPC bilayers increased with an increase
in temperature from 63° at 2°C to 75° at 45°C. The value
at 45°C is the same within experimental error as that for
egg PC at 25°C. The angular amplitudes of SL9-DPPA
were, however, close to “90°” despite membrane composi-
tion and temperature. These results indicate that for
spin-label lipid haptens with shorter spacer arms, mem-
brane fluidity influences the angular amplitude of the
spin-label moiety, but that a spacer of sufficient length can
cancel out the effect of the fluidity.

The peak height ratios, h(+1)/h(0), of the oriented
multibilayers are also shown in Table I. For both spin-label
lipid haptens, the ratio was highest in DPPC bilayers at
45°C, followed by in egg PC ones at 25°C, DPPC ones at
25°C, and DPPC ones at 2°C, but the difference was
smaller for SL9-DPPA than SL6-DPPA. For SL6-DPPA
the ratio for the perpendicular spectrum was higher than
that for the parallel one, while no appreciable difference
was observed between the perpendicular and parallel spec-
tra for SL9-DPPA. This distinction between SL6-DPPA
and SL9-DPPA may be due to the difference in the
angular amplitude of the tumbling motion. The peak
height ratios for the oriented multibilayer systems were in
agreement with those for liposomal systems. No relation
was observed between the angular amplitude and the peak
height ratio. Therefore, it may be concluded that the
variation in the peak height ratio in Fig. 4 is due to a
change in the rate of the axial rotation and /or the tumbling
motion of the spin-label moiety, and not to the angular
amplitude.

ESR Spectra of Spin-Label Lipid Haptens
with Unsaturated Fatty Acyl Chains in
Lecithin Liposomes

The spin-label lipid haptens with unsaturated fatty acyl
chains, SL6-eggPA and SL9-eggPA, were incorporated
into egg PC- or DPPC-liposomes, and then the ESR
spectra of the resulting four preparations were measured at
25°C (Fig. 7). Fig. 7, a and b shows the spectra of
SL6-eggPA and SL9-eggPA in egg PC liposomes, respec-
tively. These spectra were almost the same as those of the
corresponding analogues with saturated fatty acyl chains
(refer to Fig. 2). In contrast, the ESR spectra in DPPC
liposomes (Fig. 7, ¢ and d) exhibited an interesting feature.
On comparison of the spectra for DPPC liposomes with
those for egg PC liposomes, a broader component was
discernible as a shoulder on the side of each of the three
narrow lines. The presence of the broader components was
seen more clearly in the ESR spectra for DPPC liposomes
containing various amounts of SL.9-eggPA (Fig. 8). The
relative intensity of the broader resonance lines
(AHms1(0) = 7.4 gauss) increased with an increase in
SL9-eggPA concentration with respect to DPPC, while the
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TABLE I
ESR PARAMETERS OF SPIN-LABEL LIPID HAPTENS IN ORIENTED MULTIBILAYERS

. - h(+1)/h(0
Spin-label lipid Host lipid Temp. Order parameter* Angular amplitude? G+ D/AO)
haptens Oriented multibilayers Liposomes?
°C degrees L I
SL6-DPPA DPPC 2 0.33 63.0 0.79 0.67 0.76
DPPC 25 031 64.4 1.07 1.02 1.03
DPPC 45 0.16 75.2 1.52 1.35 1.45
Egg PC 25 0.15 76.0 1.29 1.26 1.30
SL9-DPPA DPPC 2 0.02 87.8 0.86 0.94 0.97
DPPC 25 0.03 86.7 1.11 1.10 1.06
DPPC 45 0.03 86.7 1.30 1.33 1.24
Egg PC 25 0.03 86.7 1.20 1.24 1.22

*The order parameter was calculated using the hyperfine splitting values for oriented multibilayers, as defined in Fig. 5, as described under Materials and

Methods.

YThe angular amplitude of the haptenic site was calculated as described in the text.
¥The peak height ratio obtained for the corresponding liposomes is given in the right column for reference.

relative intensity of the narrow ones (AHms1(0) = 3.7
gauss) remained almost constant. This dose-responsiveness
and symmetric shape of the broader lines indicate that the
broader lines in the case of SL9-eggPA were caused by
spin-exchange broadening due to the formation of the
spin-label rich domain (Humphries, 1980) and not by the
immobilization of the spin-label moiety. Therefore, it may
be concluded that a spin-label lipid hapten with unsatu-
rated fatty acyl chains forms a hapten-rich domain in
DPPC membranes at 25°C.

Temperature Dependence of Hapten-rich
Domain Formation

To determine the amount of a spin-label lipid hapten in the
hapten-rich domain, the ESR spectra of SL9-eggPA in

=

FIGURE 7 Typical ESR spectra for SL6- and SL9-eggPA in egg PC or
DPPC liposomes at 25°C. The method of preparation of liposomes and
the ESR measurement conditions are given in the legend to Fig. 2. The
combinations of phosphatidylcholine and spin-label lipid haptens were (a)
egg PC-SL6-eggPA, (b) egg PC-SL9-eggPA, (¢) DPPC-SL6-eggPA,
and (d) DPPC-SL.9-eggPA.
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DPPC liposomes were compared with those in the case of
SL9-DPPA, because SL9-DPPA has been suggested by
Humphries (1980) to be distributed homogeneously in
DPPC liposomal membranes (Fig. 9). At 25°C, the broad
component at the side of each signal of SL9-DPPA was
clearly confirmed, and the signal intensity of SL9-eggPA
was about one-third that of SL9-DPPA. The contribution
of the broad component to the signal intensity was much
smaller than that of the narrow component, since the
height of a peak is inversely proportional to the square of
the line width of the ESR signal. Therefore, in a spectrum
composed of narrow and broad components, the total
signal intensity should decrease with an increase in the
ratio of the broad component to the narrow one. Compari-
son of the signal intensity of SL9-eggPA to that of
SL9-DPPA showed that about two-thirds of SL9-eggPA
may be present as a hapten-rich domain at 25°C in DPPC
membranes. At 45°C the spectrum of SL9-eggPA coin-
cided completely with that of SL9-DPPA, suggesting that
the hapten-rich domain of SL9-eggPA disappears at 45°C
and that SL9-eggPA is dispersed homogeneously in DPPC
membranes at 45°C.

To elucidate the relation of the phase transition of the

FIGURE 8 ESR spectra for DPPC liposomes containing various
amounts of SL9-eggPA. SL9-eggPA was incorporated into liposomes
composed of DPPC and DCP (molar ratio 1:0.1) in the amounts of 5.5
mol% (—), 18.9 mol% (~+-), and 48.2 mol% (---). The concentration of
DPPC was 10 mM. The relative amplifications for the spectra were 5, 2,
and 1 for 5.5, 18.9, and 48.2 mol%, respectively. The spectra were
measured at 25°C as described in the legend to Fig. 2.
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FIGURE 9 Comparison of the ESR spectra for SL9-eggPA and SL9-
DPPA in DPPC liposomes at different temperatures. ESR spectra of
DPPC liposomes containing 1.43 mol% of SL9-eggPA (—) were
recorded at 25° and 45°C, and then compared with the spectra with the
same concentration of SL9-DPPA (---). The method of preparation of
liposomes and the ESR measurement conditions are given in the legend to
Fig. 2. The relative amplifications are indicated on the right sides of the
spectra.

bulk lipid to the formation of a hapten-rich domain, the
spectra for DPPC liposomes containing 1.4 mol% of either
SL9-eggPA or SL9-DPPA were measured at various
temperatures. As an apparent indication of the amount of
SL9-eggPA in the hapten-rich domain, the following
parameter was evaluated:

Apparent
fraction

of SL9-eggPa

in the hapten-
rich domain |ec

_ [h(O)sis pealec = [MO)siscpgralec

[h(0)svy.pppalec

Here h(0) is the normalized central peak height with
respect to the peak height of the internal standard (Mn?*).
Fig. 10 shows the apparent fraction of SL9-eggPA in the
hapten-rich domain as a function of the incubation temper-
ature. As the incubation temperature increased, two steep
decreases were observed around 35° and 41°C. The hapt-
en-rich domain decreased to two-thirds at 35°C and disap-
peared completely above 43°C. The prephase transition
temperature (Tpre) and Tc of DPPC liposomes have been
reported to be 35° and 41°C, respectively (Chapman,
1973), indicating that the phase transition of DPPC mem-
branes from LB’ to P8’ may in part cause lateral diffusion
of the spin-label lipid hapten besides the main phase
transition from PS8’ to La. However, we should not neglect
the possibility that a rippled structure in the P8’ phase may
contribute to the reduction of the apparent hapten-rich
domain fraction.

DISCUSSION

In this study, we investigated the spatial mobility of the
haptenic site and the topographic distribution of lipid
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FIGURE 10 Temperature dependency of the SL9-eggPA fraction in the
hapten-rich domain. DPPC liposomes containing either SL9-DPPA or
SL9-eggPA were prepared as described in the legend to Fig. 2, and ESR
spectra were recorded at various temperatures. The SL9-eggPA fraction
in the hapten-rich domain was calculated using the equation given in the
text. The two arrows in the figure indicate the main (Tc) and prephase
transition temperatures (Tpre) of DPPC membranes, respectively.

haptens in connection with the thermotropic phase transi-
tion of liposomal membranes, using a spin-label technique.
The four lipid haptens used in the present study carry a
nitroxide group as the haptenic site in the polar head of a
phospholipid. The physical properties of liposomal mem-
branes were found to affect both the motional state and the
distribution of a spin-label lipid hapten, but the modes of
the effects were quite different from each other.

Some reports have suggested that haptenic sites of some
artificial lipid haptens like a dinitrophenyl group or a
fluorescein group may be buried in the hydrophobic region
of membranes or associated with the membrane head
group region if the membranes are in a fluid state (Bala-
krishnan et al., 1982; Staton et al., 1984). However, in our
case, we can neglect the possibility that a nitroxide moiety
of the spin-label hapten might be embedded into the
hydrocarbon core of membranes, since the hyperfine split-
ting values of SL.9-DPPA in liposomes (17.15 G for egg
PC-liposomes and 17.25 G for DPPC-liposomes) were very
close to that of glutaramide spin-label in water (17.29 G)
which is a haptenic site of SL9-DPPA with a spacer region,
and much larger than those of SL9-DPPA and glutaram-
ide spin-label in chloroform (16.10 G and 16.08 G, respec-
tively).

The spectra of spin-label lipid haptens in membranes
were rather anisotropic, and the low field peak was the
narrowest of the three sharp lines. This characteristic
coincided with the results obtained by Smith’s group (Hsia
et al., 1970; Schreier-Muccillo et al., 1973) using the
stearamide spin-label and by McConnell’s group (Briilet et
al., 1977; Brilet and McConnell, 1977; Humphries and
McConnell, 1977; Humphries, 1980) using the same spin-
label as us. According to Griffith and Jost (1976), axial
rotation about the x-axis should result in the spectrum with
the narrowest low field peak, while rotation about the other

193



axes lead to the central peak being the narrowest. There-
fore the observation of a characteristic spectrum in which
the low field peak is the narrowest (Figs. 2 and 3, a and b)
indicates that in the present case the spin-label moiety of
each spin-label hapten predominantly undergoes axial
rotation about the x-axis in membranes.

The ESR spectrum of a spin-label lipid hapten in DPPC
membranes slightly changed with the incubation tempera-
ture, and the ratio of the low field peak height (h(+1)) to
the central peak height (h(0)) showed a discontinuous
point around 20°C and a remarkable change between 40°
and 43°C (Fig. 4). The peak height ratio among the three
resonance lines should be influenced by (a) the rate of axial
rotation of the spin-label moiety, () the rate of tumbling
motion of the rotational axis, and (c) the angular ampli-
tude of the tumbling motion. ESR spectra of the oriented
multibilayers (Fig. 6 and Table I) revealed that there was a
little ordering of the rotational axis in SL6-DPPA but not
in SL9-DPPA. There was no relation between the peak
height ratio and the angular amplitude, suggesting that in
the case of a spin-label lipid hapten, the angular amplitude
of the rotational axis should not affect the peak height
ratio. Therefore, the change in the peak height ratio
indicates a change in the rate of axial rotation of the
spin-label moiety and/or of the tumbling motion of the
rotational axis.

Calculation of the rotational correlation time ratio (rg/
7¢) should be used for estimating the contributions of the
axial rotation and the tumbling motion. 73/7¢ of SL6-
DPPA was >1.0 above 15°C (Fig. 5), indicating that the
rate of x-axis rotation of the spin-label moiety is more
predominant than that of the tumbling motion of the
rotational axis, in agreement with the above discussion.
7g/7¢ also showed a discontinuous point around 20°C and a
remarkable change between 40° and 43°C (Fig. S). These
findings imply that the anisotropy in the motion of hapt-
enic site changed markedly around 20°C and at 40°-
43°C.

Recent studies (Chen et al.,, 1980; Fiildner, 1981;
Ruocco and Shipley, 1982a,b) demonstrated that DPPC
liposomes undergo the following three transitions:

Tsub (182-20°C)  Tpre (35°C)  Tc (41°C)

Ler=————= A I ne o

The temperatures at which a discontinuous point and a
remarkable change in the peak height ratio and the
rotational correlation time ratio were (Figs. 4 and 5) close
to Tsub and Tc, respectively.

The LB phase was characterized by ordered hydrocar-
bon chains of the lipid and by a surface area per hydrocar-
bon chain of 19.5 A2, whereas in the Lc phase there was a
more order, dehydrated and probably three-dimensional
lattice, in which the chains were more closely packed (19.0
A?/chain), and neighboring lipids might be dispersed
zigzag with one another (Ruocco and Shipley, 1982b).
SL6-DPPA gave a broad isotropic ESR spectrum below
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20°C, and the apparent rotational correlation time, 7g, was
extremely great below 10°C, indicating immobilization of
the spin-label moiety. The rigid packed structure in the Lc
phase could cause immobilization of the spin-label moiety
of a lipid hapten. It should, however, be noted that the
occurrence of the Lc phase required the cooling of the
liposomes at low temperature (0°C) for several days (Chen
et al., 1980; Ruocco and Shipley, 1982a,b; Fiildner, 1981).
Here a sample was cooled for only a few minutes in the
temperature-controlled cavity of an ESR spectrometer.
Thus the Lc phase might not have been formed completely
in our case. Indeed, *'P-NMR observation revealed the
requirement of cooling at 5°C for a long period for the
production of a “slow motion” signal (Fiildner, 1981). But
a rapid modification of the hydrocarbon chain packing
mode has been reported in an x-ray diffraction study from
0 to 1.5 h at —2°C (Ruocco and Shipley, 19825). In
addition, using a saturation-transfer ESR technique,
Marsh (1980) also observed a rapid decrease in the
rotational motion of phosphatidylcholine spin-labeled at
the fatty acyl chain in DPPC membranes on cooling below
25°C. These facts suggest that some partial rearrangement
of lipid molecules may occur rapidly below 20°C, leading
to a change from the LB to the Lc phase in DPPC
membranes, and such a change could cause the discontin-
uous point around 20°C observed in Figs. 4 and 5. The
steep increase in 7y/7¢ for SL6-DPPA at 41°-43°C indi-
cates that the preference for the x-axis rotation of the
spin-label moiety to the tumbling motion of the rotational
axis increased significantly around this temperature. As
described above, 41°C is Tc of DPPC membranes and the
main phase transition is attributed to the conversion
between PB’and La. The PB’ phase was a rippled gel phase,
while the La phase was a liquid-crystalline phase (Verver-
gaert et al., 1973; Janiak et al., 1976; Luna and McCon-
nell, 1977). The rotational diffusion of lipid molecules in
the La phase was reported to be significantly faster than
that in the P8’ phase (Marsh, 1980). Therefore the P8’ «~—
La conversion may contribute to the remarkable change in
h(+1)/h(0) seen in our work.

Above 43°C, h(+1)/h(0), rg/7c and ¢ showed dif-
ferent temperature dependencies. h(+1)/h(0) and 74
decreased with an increase in temperature, while rg/7¢
remained almost constant. Here we cannot evaluate the
molecular motion exactly on the basis of 7q, since the
molecular motion of the haptenic site of spin-label lipid
haptens was somewhat anisotropic. However, if the term
“apparent free tumbling” is permitted, the decrease of 7¢
indicates that the rate of apparent free tumbling may
increase above 43°C. The almost constant value of r5/7¢
suggests that the degree of anisotropy may not increase
above 43°C. But at this moment we should not neglect the
possibility that 75/7 might be the upper limit value under
these experimental conditions.

Rubenstein et al. (1980) reported the following observa-
tion, when the same spin-probe as SL6-DPPA was incorpo-

BIOPHYSICAL JOURNAL VOLUME 52 1987



rated into DMPC liposomes. As the temperature
increased, the normalized low field peak height increased
above 14°C with a steep change around 24°C, which
corresponds to Tc of DMPC membranes. They interpreted
the increase as reflecting an increase in the head group
motional freedom involving lateral diffusion. Here, a rise in
the lateral diffusion should broaden all three resonance
lines equally (Scandella et al., 1972; Humpbhries, 1980). In
the present study, however, the rate of the increase in
h(+1) was not parallel with that of the increase in h(0).
Therefore, the contribution of the lateral diffusion to the
peak height ratio should be negligible in our system. We
analyzed the head group motional freedom into the follow-
ing three modes: the rate of axial rotation, the rate of the
tumbling motion, and the angular amplitude of the tum-
bling motion. The temperature dependence of the normal-
ized low field peak height above Tc was the inverse of that
of h(+1)/h(0), while below Tc the two were well corre-
lated with each other. This discrepancy should be due to
the remarkable increase in h(0) above Tc. The increase in
the normalized low field peak height seems to be rather
close to the decrease in 7g. Considering the 7g/7¢ above Tc,
the discrepancy between the normalized low field peak
height and h(+1)/h(0) might be due to some difference in
the contributions of the tumbling motion to the two
parameters.

Using ganglioside and globoside probes that were spin-
labeled at their carbohydrate regions, Grant and his col-
leagues (Lee et al., 1980; Peters et al., 1982) observed
remarkable breaks in Arrhenius plots of the apparent
correlation times around Tpre of the host lattice, but not at
Tc. This discrepancy between their data and ours may be
due to a difference in the chemical structures of the
spin-probes used and/or in the motional modes of the
probes, since the spin-label moieties of their glycolipid
probes may undergo pseudo-isotropic rotation (Sharom
and Grant, 1978).

The presence of an unsaturated fatty acyl chain in a
spin-label lipid hapten caused a phase separation in the
DPPC membranes containing the spin-label lipid hapten.
The occurrence of a phase separation in liposomal mem-
branes has been reported for various systems. In 1973,
Shimshick and McConnell suggested for the first time the
occurrence of a phase separation in DPPC-DMPC and
DPPC-DPPE mixed liposomes, on the basis of the results
of TEMPO spin-label partition. This phase separation has
been confirmed in differential scanning calorimetric stud-
ies (Mabrey and Sturtevant, 1976). These observations
suggested that liposomes composed of phospholipids with
different acyl chains separate into different phases.
Another type of phase separation has been observed in
lecithin liposomes containing glycolipids, on the use of
various techniques such as differential scanning calorime-
try, ESR, and freeze-fracture electron microscopy (Sille-
rud et al., 1979; Suzuki et al., 1981; Utsumi et al., 1984;
Delmelle et al., 1980; Tillack et al., 1982). In this case, the
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difference in the polar head group may contribute to the
formation of a glycolipid-rich domain in the liposomal
membranes. In the present study, spin-label lipid haptens
with the same acyl chain as the host lattice did not show
any phase separation. These results indicate that attach-
ment of the TEMPO moiety should not be the driving force
for the phase separation.

Aggregates or clusters of spin-probes with a spin-label
moiety at the fatty acyl chain gave a broad singlet line in
the phase-separated state (Utsumi et al., 1978; Suzuki et
al., 1981; Kanda et al., 1982; Utsumi et al., 1984; Manabe
et al., 1986). In the present study, spin-label lipid haptens
with unsaturated fatty acyl chains did not give a broad
singlet resonance line but triplet lines. As reported by
Delmelle et al. (1980), a nitroxide radical attached to a
polar head group of a lipid may tend to give triplet
resonance lines in the cluster phase.

The apparent hapten-rich domain fraction depended on
the incubation temperature. The cluster phase has been
reported to occur in the gel phase and to disappear above
Tc of the host lattice (Delmelle et al., 1980; Tillack et al.,
1982; Utsumi et al., 1984). In the present study, spin-label
lipid haptens were also dispersed completely above 41°C,
which is Tc of DPPC membranes. But it is noteworthy that
a distinguishable decrease was observed around 35°C in
the hapten-rich domain fraction (Fig. 10). This tempera-
ture is close to Tpre of DPPC liposomes (Chapman, 1973).
Recently, McConnell and his colleague have extensively
studied the relation between heterogeneous distribution of
membrane components and a phase transition of host
lattice using fluorescently labeled phospholipid (McCon-
nell et al., 1984; Seul et al., 1985; Tamm and McConnell,
1985). They succeeded in a direct observation of the
fluorescent cluster with epi-fluorescence microscopy using
planar DPPC layers on alkylated-solid supports and sug-
gested that both Tpre and Tc of the host lattice may affect
the lateral heterogeneity in membranes. However, in tem-
perature dependence of arrangement of labeled lipids,
there seems to be some difference between their observa-
tion and ours. This discrepancy may arise from the differ-
ence in host lattice. In the present study, of course, we
should not neglect the possibility that only the spin-
exchange interaction becomes weak without any increase
in lateral diffusion, because the collision frequency of the
nitroxide moiety might be less at the top of the ripple
structure.

This investigation was supported by the Grant-in Aid for Scientific
Research and by the Research Foundation for Pharmaceutical Sciences.

Received for publication 14 November 1986 and in final form 31 March
1987.

REFERENCES

Alving, C. R, K. A. Urban, and R. L. Richards. 1980. Influence of
temperature on complement-dependent immune damage to liposomes.
Biochim. Biophys. Acta. 600:117-125.

Balakrishnan, K., S. Q. Mehdi, and H. M. McConnell. 1982. Availability

195



of dinitrophenylated lipid haptens for specific antibody binding
depends on the physical properties of host bilayer membranes. J. Biol.
Chem. 257:6434-6439.

Brillet, P., and H. M. McConnell. 1976. Lateral hapten mobility and
immunochemistry of model membranes. Proc. Natl. Acad. Sci. USA.
73:2977-2981.

Brilet, P., and H. M. McConnell. 1977. Structural and dynamical
aspects of membrane immunochemistry using model membranes.
Biochemistry. 16:1209-1217.

Brilet, P., G. M. K. Humpbhries, and H. M. McConnell. 1977. Immuno-
chemistry of model membranes containing spin-labeled haptens. In
Structure of Biological Membranes. S. Abrahamsson and I. Pascher,
editors. Plenum Press, New York and London. 321-329.

Chapman, D. 1973. Physical chemistry of phospholipids. /n Form and
Function of Phospholipids. G. B. Ansell, J. N. Hawthorne, and R. M.
C. Dawson, editors. Elsevier Scientific Publishing Company, Amster-
dam, London and New York. 117-142.

Chen, S. C, J. M. Sturtevant, and B. J. Gaffney. 1980. Scanning
calorimetric evidence for a third phase transition in phosphatidylchol-
ine bilayers. Proc. Natl. Acad. Sci. USA. 77:5060-5063.

Cullis, P. R., and B. de Kruijff. 1979. Lipid polymorphism and the
functional roles of lipids in biological membranes. Biochim. Biophys.
Acta. 559:399-420.

Curtain, C. 1984. Glycosphingolipid domain formation and lymphocyte
activation. /n Biomembranes, Vol. 12: Membrane Fluidity. M. Kates
and L. A. Manson, editors. Plenum Press, New York and London.
603-632.

Delmelle, M., S. P. Dufrane, R. Brasseur, and J. M. Ruysschaert. 1980.
Clustering of gangliosides in phospholipid bilayers. FEBS (Fed. Eur.
Biochem. Soc.) Lett. 12]1:11-14.

Fiildner, H. H. 1981. Characterization of a third phase transition in
multilamellar dipalmitoyllecithin liposomes. Biochemistry. 20:5707-
5710.

Gerlach, E., and B. Deuticke. 1963. Simple microdetermination of
phosphate by paper chromatography. Biochem. Z. 337:477-479.

Griffith, O. H., D. W. Cornell, and H. M. McConnell. 1965. Nitrogen
hyperfine tensor and g tensor of nitroxide radicals. J. Chem. Phys.
43:2909-2910.

Griffith, O. H.,, and P. C. Jost. 1976. Lipid spin labels in biological
membranes. In Spin Labeling. Theory and Applications I. L. J.
Berliner, editor. Academic Press, Inc., New York, San Francisco and
London. 453-523.

Hsia, J. C., H. Schneider, and 1. C. P. Smith. 1970. A spin label study of
the effects of cholesterol in liposomes. Chem. Phys. Lipids. 4:238—-
242.

Hubbell, W. L., and H. M. McConnell. 1971. Molecular motion in
spin-labeled phospholipids and membranes. J. Am. Chem. Soc.
93:314-326.

Humphries, G. M. K., and H. M. McConnell. 1977. Membrane-
controlled depletion of complement activity by spin-label-specific IgM.
Proc. Natl. Acad. Sci. USA. 74:3537-3541.

Humphries, G. M. K. 1980. The use of liposomes for studying membrane
antigens as immunogens and as targets for immune attack. /n Lipos-
omes in Biological Systems. G. Gregoriadis and A. C. Allison, editors.
John Wiley & Sons, Inc., Chichester, New York, Brisbane and
Toronto. 345-376.

Hyde, J. S., and L. R. Dalton. 1979. Saturation-transfer spectroscopy. In
Spin Labeling. Theory and Applications II. L. J. Berliner, editor.
Academic Press, Inc., New York, San Francisco and London. 1-70.

Janiak, M. J., D. M. Small, and G. G. Shipley. 1976. Nature of the
thermal pretransition of synthetic phospholipids: dimyristoyl- and
dipalmitoyilecithin. Biochemistry. 15:4575-4580.

Jost, P., L. J. Libertini, V. C. Hebert, and O. H. Griffith. 1971. Lipid spin
labels in lecithin multilayers. A study of motion along fatty acid chains.
J. Mol. Biol. 59:77-98.

Kanda, S., K. Inoue, S. Nojima, H. Utsumi, and H. Wiegandt. 1982.
Incorporation of spin-labeled ganglioside analogues into cell and
liposomal membranes. J. Biochem. 91:1707-1718.

196

Keith, A., G. Bulfield, and W. Snipes. 1970. Spin-labeled neurospora
mitochondria. Biophys. J. 10:618-629.

Kinsky, S. C. 1972. Antibody-complement interaction with lipid model
membranes. Biochem. Biophys. Acta. 265:1-23.

Lee, P. M, N. V. Ketis, K. R. Barber, and C. W. M. Grant. 1980.
Ganglioside headgroup dynamics. Biochim. Biophys. Acta. 601:302-
314.

Luna, E. J., and H. M. McConnell. 1977. The intermediate monoclinic
phase of phosphatidylcholines. Biochim. Biophys. Acta. 466:381-392.

Mabrey, S., and J. M. Sturtevant. 1976. Investigation of phase transitions
of lipids and lipid mixtures by high sensitivity differential scanning
calorimetry. Proc. Natl. Acad. Sci. USA. 73:3862-3866.

Manabe, H., H. Utsumi, T. Kusama, and A. Hamada. 1986. Micellar
formation of spin-labeled fatty acyl derivatives of lipophilic muramyl
dipeptides and their incorporation into liposomal membranes. Chem.
Phys. Lipids. 40:1-14.

Marsh, D. 1980. Molecular motion in phospholipid bilayers in the gel
phase: long axis rotation. Biochemistry. 19:1632-1637.

McConnell, H. M., L. K. Tamm, and R. M. Weis. 1984. Periodic
structures in lipid monolayer phase transitions. Proc. Natl. Acad. Sci.
USA. 81:3249-3253.

Nakagawa, Y., H. Utsumi, K. Inoue, and S. Nojima. 1976. Transfer of
cholestane spin label between lipid bilayer membranes and its molecu-
lar motion in membranes. J. Biochem. (Tokyo). 86:783-787.

Peters, M. W, K. R. Barber, and C. W. M. Grant. 1982. Headgroup
behaviour of an uncharged complex glycolipid. Biochim. Biophys.
Acta. 693:417-424.

Petrossian, A., and J. C. Owicki. 1984. Interaction of antibodies with
liposomes bearing fluorescent haptens. Biochim. Biophys. Acia.
776:217-2217.

Rubenstein, J. L. R., J. C. Owicki, and H. M. McConnell. 1980. Dynamic
properties of binary mixtures of phosphatidylcholines and cholesterol.
Biochemistry. 19:569-573.

Ruocco, M. J., and G. G. Shipley. 1982a. Characterization of the
sub-transition of hydrated dipalmitoylphosphatidylcholine bilayers.
X-ray diffraction study. Biochim. Biophys. Acta. 684:59—66.

Ruocco, M. J., and G. G. Shipley. 1982b. Characterization of the
sub-transition of hydrated dipalmitoylphosphatidylcholine bilayers.
Kinetic, hydration and structural study. Biochim. Biophys. Acta.
691:309-320.

Scandella, C. J., P. Devaux, and H. M. McConnell. 1972. Rapid lateral
diffusion of phospholipids in rabbit sarcoplasmic reticulum. Proc. Natl.
Acad. Sci. USA. 69:2056-2060.

Schreier, S., C. F. Polnaszek, and 1. C. P. Smith. 1978. Spin labels in
membranes. Biochim. Biophys. Acta. 515:375-436.

Schreier-Muccillo, S., D. Marsh, H. Dugas, H. Schneider, and 1. C. P.
Smith. 1973. A spin probe study of the influence of cholesterol on
motion and orientation of phospholipids in oriented multibilayers and
vesicles. Chem. Phys. Lipids. 10:11-27.

Seul, M., S. Subramaniam, and H. M. McConnell. 1985. Mono- and
bilayers of phospholipids at interfaces: interlayer coupling and phase
stability. J. Phys. Chem. 89:3592-3595.

Sharom, F. J., and C. W. M. Grant. 1978. A model for ganglioside
behaviour in cell membranes. Biochim. Biophys. Acta. 507:280-293.

Shimshick, E. J., and H. M. McConnell. 1973. Lateral phase separation
in phospholipid membranes. Biochemistry. 12:2351-2360.

Sillerud, L. O., D. E. Schafer, R. K. Yu, and W. H. Konigsberg. 1979.
Calorimetric properties of mixtures of ganglioside Gy, and dipalmi-
toylphosphatidylcholine. J. Biol. Chem. 254:10876—10880.

Smith, I. C. P., and K. W. Butler. 1976. Oriented lipid systems as model
membranes. In Spin Labeling. Theory and Applications 1. L. I.
Berliner, editor. Academic Press, Inc., New York, San Francisco and
London. 411-451.

Stanton, S. G., A. B. Kantor, A. Petrossian, and J. C. Owicki. 1984.
Location and dynamics of a membrane-bound fluorescent hapten. A
spectroscopic study. Biochim. Biophys. Acta. 776:228-236.

Suzuki, T., H. Utsumi, K. Inoue, and S. Nojima. 1981. Haptenic activity

BIOPHYSICAL JOURNAL VOLUME 52 1987



of galactosyl ceramide and its topographical distribution on liposomal
membranes. 1. Effect of cholesterol incorporation. Biochim. Biophys.
Acta. 644:183-191.

Tamm, L. K., and H. M. McConnell. 1985. Supported phospholipid
bilayers. Biophys. J. 47:105-113.

Tillack, T. W., M. Wong, M. Allietta, and T. E. Thompson. 1982.
Organization of the glycosphingolipid asialo-Gy, in phosphatidylchol-
ine bilayers. Biochim. Biophys. Acta. 691:261-273.

Utsumi, H., K. Inoue, S. Nojima, and T. Kwan. 1976. Motional state of
spin-labeled stearates in lecithin-cholesterol liposomes and their incor-
poration capability. Chem. Pharm. Bull. (Tokyo). 24:1219-1225.

Utsumi, H., K. Inoue, S. Nojima, and T. Kwan. 1978. Interaction of
spin-label lysophosphatidylcholine with rabbit erythrocytes. Biochem-
istry. 17:1990-1996.

TAKESHITA ET AL. Dynamic Properties of the Haptenic Site

Utsumi, H., T. Suzuki, K. Inoue, and S. Nojima. 1984. Haptenic activity
of galactosyl ceramide and its topographical distribution on liposomal
membranes. Effect of temperature and phospholipid composition. J.
Biochem. (Tokyo). 96:97-105.

Utsumi, H., J. Murayama, and A. Hamada. 198S. Structural changes of
rat liver microsomal membranes induced by the oral administration of
¢arbon tetrachloride *'P-NMR and spin-label studies. Biochem. Phar-
macol. 34:57-63.

Verkleij, A. J. 1984. Lipidic intramembranous particles. Biochim. Bio-
phys. Acta. 779:43-63.

Ververgaert, P. H. J. Th., A. J. Verkleij, J. J. Verhoeven, and P. F. Elbers.
1973. Spray-freezing of liposomes. Biochim. Biophys. Acta. 311:651-
654.

197



