
Journal of Magnetic Resonance 157, 52–60 (2002)
doi:10.1006/jmre.2002.2575

Quantifying the Lateral Lipid Domain Properties in Erythrocyte Ghost
Membranes Using EPR-Spectra Decomposition

Zoran Arsov, Milan Schara, and Janez Štrancar
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Using EPR spectroscopy a typical lateral domain structure was
detected in the membranes of spin-labeled bovine erythrocyte
ghosts. The spectral parameters were determined by decomposing
the EPR spectrum into three spectral components and tuned by a
hybrid-evolutionary-optimization method. In our experiments the
lateral domain structure and its properties were influenced by the
variation in the temperature and by the addition of n-butanol.
The specific responses of the particular domain types were detected.
For the most-ordered domain type a break was seen in the temper-
ature dependence of its order parameter, while the order parame-
ters of the two less-ordered domain types exhibited a continuous
decrease. Below the break-point temperature the alcohol-induced
membrane fluidity variation is mainly a consequence of the change
in the proportions of the least- and the most-ordered domain type
and not the change of the domain-type ordering or dynamics (with
n-butanol concentration). On the other hand, the fluidity varia-
tion above the break-point temperature arises from both types of
changes. Interestingly, the proportion of the domain type that has
its order parameter between that of the least- and the most-ordered
domain type remains almost constant with concentration as well as
with temperature, which implies its stability. Such characterization
of the lateral membrane domain structure could be beneficial when
considering the lipid–protein interactions, because it can be as-
sumed that the activity of the membrane-bound enzyme depends on
the properties of the particular domain type. C© 2002 Elsevier Science (USA)

Key Words: membrane fluidity; lateral lipid domain; membrane-
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INTRODUCTION

Membrane fluidity, which is a characteristic of plasma mem-
branes, is inversely related to membrane microviscosity (1). It re-
flects the ordering and dynamics of the phospholipid acyl chains
in the membrane’s bilayer. The organization of lipids in the mem-
branes is described with the order parameter S, which represents
the time-averaged angular fluctuation of the acyl chain segments
from the normal to the bilayer plane (2); and by the rotational
correlation time τ , which indicates the average time required
for the molecular segments to forget their previous orientation
(3). The fluidity of plasma membranes depends on their lipid
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and protein composition (1). It can be altered by external influ-
ences like the temperature or by the addition of compounds that
interact with the membranes.

Biological membranes are laterally heterogeneous structures
that can be effectively studied by electron paramagnetic reso-
nance (EPR). A lateral membrane domain is usually considered
to be a spatially limited region of a membrane that has one or
more measurable properties that distinguish it from its neigh-
boring regions (4). Motional parameters such as the rate and the
anisotropy of motion of the spin label in a particular domain as
well as the abundance of domains can be unambiguously deter-
mined by EPR; however, the size of domains and their shape
cannot be derived from EPR spectra. Consequently, it is more
appropriate to say that the properties of domain types can be de-
termined using EPR. We will not deal with the question of how
the domain structure arises, e.g., whether it is a consequence of
lipid–lipid interactions or lipid–protein interactions (5). Also,
we will not address the problem of the difference between the
domain structure of the exoplasmic and the cytoplasmic mem-
brane leaflets (6).

Using spin-labeled fatty-acid derivatives (spin probes) EPR
allows us to characterize the fluidity of lipid phases (7 ). This
fluidity is often described by empirical parameters of molecular
ordering and dynamics, which can be derived directly from the
positions and shapes of the spectral lines. But lately, with the
upgrade to the heterogeneous picture of membrane structure,
experimental approaches are able to provide a description of
the local fluidity characteristics. Different experimental methods
show the coexistence of domains; these methods include EPR,
nuclear magnetic resonance, neutron diffraction, fluorescence
methods, single-particle tracking, atomic force microscopy, and
Raman spectroscopy (see reviews (4, 5, 8) and (6, 9–13)). The
lateral lipid domains are thought to play an important role in
some biological processes. That is why the understanding of
the regulation of their formation, distance scale, and time scale
(stability) is needed. Usually the formation of domains is the
consequence of distinct molecular composition. Therefore, bio-
logical membranes are expected to exhibit heterogeneity at the
molecular level because they have a large molecular diversity.
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So when a measurement indicates that a membrane region has
distinctive properties, this implies that the measured properties
are being averaged over a sufficiently long time to remove the
intrinsic heterogeneities (4). This time is sufficient to observe
the domains by a certain method, but it does not tell us more
about the time scale of their stability. In addition, for domain
sizes beyond the resolution of standard light microscopy tech-
niques there is always an indirect evidence of their existence;
usually lipid domains are defined through heterogeneities in the
response of molecular probes.

EPR and its characteristic time scale for motional averaging
10−8 s, defined by the spin probe’s nitroxide (spin Hamiltonian)
interaction tensor anisotropy, seem to be appropriate because
the lateral diffusion of the spin probe’s molecules is too slow to
average out the differences between the domains. On the other
hand, under physiological conditions the rotational motions of
molecules are fast. Consequently, we believe that the fast-motion
approximation allows a sufficiently reasonable description of the
spectra of fatty acid (methyl esters) spin probes in fluid biolog-
ical membranes. The observed lateral membrane domain types
are long-lived in comparison to the above-defined time scale.
As a result, the heterogeneity of cell membranes results in spec-
tra, which are a superimposition of several spectral components
corresponding to particular domain types. Therefore, the EPR
spectrum decomposition and the analysis of the spectral param-
eters allow the measurement of local fluidity characteristics, i.e.,
the order parameters and the rotational correlation times of each
lipid domain type.

The activity of membrane-bound enzymes (e.g., see (14–
16)) and the function of other membrane-bound supra-molecular
structures have been described as depending on the membrane
fluidity. As a consequence, if the fluidity varies in different
domain types, we can assume that the activity of the enzyme
molecules will depend on their position in the membrane. In
order to be able to correlate the activity of an enzyme with the
lateral membrane domain structure, it is necessary to measure
the properties of particular domain types. Therefore, the aim of
this work was a quantitative characterization of the lateral do-
main structure of the bovine erythrocyte ghost membrane using
the method of EPR spectrum decomposition.

MATERIALS AND METHODS

Preparation of erythrocyte ghosts. The erythrocyte hemat-
ocrit was prepared by washing fresh bovine blood with a phos-
phate buffer solution (pH 7.4) three times; 12 ml of 50% hema-
tocrit was chilled to 0◦C and 120 ml of 4-mM MgSO4 solution
was added. The solution was stirred and left to mix for 5 minutes,
all at 0◦C. After that, 7 ml of 3.32-M NaCl was added. The so-
lution was stirred and left to mix for 5 minutes, all at 0◦C. The
obtained mixture was incubated for approximately 50 minutes at
37◦C and then cooled and centrifuged at 25,000 g for 15 minutes.

The centrifugation (and washing with the buffer at the same time)
was conducted three times.
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Spin labeling. A total of 60 µl of 10−4-M solution in ethanol
of lipophilic spin probe, methyl ester of 5-doxyl palmitate
MeFASL(10,3) (nitroxide radical), was added to the glass tube.
The ethanol was evaporated so that the spin probe was uni-
formly distributed over the walls of the glass tube. After the fi-
nal wash, the ghosts were suspended in a volume approximately
three times larger than the volume of the membrane pellet. An
appropriate volume of this suspension was added to the glass
tube, so that the total volume (with the n-butanol added) of the
sample was 750 µl. The tube was then shaken for 3 minutes.
After that the labeled sample was centrifuged at 25,000 g for
5 minutes. The pellet was transferred into a glass capillary (1-mm
inner diameter) and the EPR spectrum was recorded on a Bruker
ESP 300 spectrometer (frequency 9.59 GHz, microwave power
20 mW). The spectra were accumulated in 2–4 scans with
167 s/scan in order to get a high signal-to-noise ratio. The
ratio of the number of spin labels in the lipid phase to the
number of lipid molecules was calculated to be approximately
NSL/Nlip = 1/200.

Contrasting the domain structure with n-butanol. In our ex-
periments the fluidity variation of the erythrocyte ghost mem-
branes was measured in the temperature range 295–320 K with a
step of 2.5 K. In addition, n-butanol was used as a modifier of the
membrane fluidity, which enabled us an additional access to vary
the fluidity (n-butanol contrasting). This alcohol was chosen be-
cause it has a relatively high buffer-membrane partition coeffi-
cient (K ) of 1.5 compared to its shorter-chained analogues (17)
and as a result it has a larger effect on the membrane for a given
concentration. In the control experiment no butanol was added;
for 0.07, 0.15, 0.22, 0.37 M solutions of n-butanol 5, 10, 15, and
25 µl of n-butanol was added to the samples described above.

The EPR spectra decomposition and the determination of
parameters. The recorded EPR spectra were characterized
using spectrum simulation. The spectrum-simulation model
was the so-called motional-restricted fast-motion approxima-
tion (18). In a membrane system, where molecular rotational
motions are fast with respect to the EPR time scale, the magnetic
interaction tensors can be averaged over the stochastic rotational
motions of the spin probes. Subsequently, the spin Hamiltonian
with averaged tensor components can be used to calculate line-
shapes for the spin-probe molecules in membrane segments with
their particular orientation relative to the external magnetic field.
The spectra of the randomly oriented cell membrane segments
are finally summed to get the inhomogeneously broadened spec-
tra. Assuming the coexistence of long-lived lateral domains, we
should expect that each spectrum is the superimposition of the
spectral components that identify the membrane heterogeneity
in the sample. The properties of the particular domain type are
directly reflected in the values of the chosen parameter set. The
set consists of order parameter S, effective rotational correlation
time τ , additional broadening constant, hyperfine and Zeeman

tensors’ polarity correction factors, and weighting factors (pro-
portions) w.
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The software (EPRSIM Version 4.7; c© Janez Štrancar) al-
lows us to decompose a spectrum I (B) into a different number
of spectral components Ii (B) related to the domain types with
different order parameters and rotational correlation times in a
magnetic field B (i is the domain-type index; wi is the proportion
so that

∑
i wi = 1):

I (B) =
∑

i

Ii (B) wi . [1]

It should be stressed that an absolute measure of the domain-
type proportion, which is proportional to the number of lipid
molecules in a particular domain type Nlip,i, cannot be accurately
determined. The reason is that the measured weighting factors
wi of the spectral components are proportional to the number
of spin labels NSL,i, and at the same time the ratio (Nlip/NSL)i

can vary among the domain types. However, these ratios are as-
sumed to be similar in different domain types since all domains
are fluid, though with slightly different molecular ordering, in
the relatively small temperature range that we studied. This
implies that the proportions resemble the measured weighting
factors wi .

The parameters of the model were tuned by a hybrid-
evolutionary-optimization procedure, which combines the deter-
ministic simplex algorithm and the stochastic genetic algorithm
(19). Before the optimization was started, the number of spectral
components was chosen and the center field was adjusted. The
maximum number of components that can be calculated with
this software is 5, and we have chosen three (i = 1, 2, 3). One
component was simulated to fit the outer hyperfine splitting (i =
3) and another one was matched with the most fluid domain type
(i = 1). With only these two components it was not possible to
obtain a satisfactory fit (according to our measurement of the
goodness of fit χ2, see below). In order to improve the fit a third
component (i = 2), with its order parameter between that of
domain types 1 and 3, was added (see Fig. 1).

For optimization purposes an objective function that measures
the goodness of fit of the simulated spectrum to the experimental
one had to be introduced. The measure is the reduced χ2, i.e.,
the sum of the squared residuals between the experimental and
the simulated spectra divided by the squared standard deviation
of the experimental points, σ , and by the number of points in
the experimental spectrum, N (in our case N = 1024):

χ2 = 1

N

N∑

i=1

(
yexp

i − ysim
i

)2

σ 2
. [2]

It should also be pointed out that the determination of the spectral
parameter values should include an error estimation. In the sim-
ulation model the errors are calculated from diagonal elements

of the covariance matrix and the correlation coefficients from
the offdiagonal elements. Beside the χ2 measure we also used
eye matching between the measured and the calculated spectra
ND ŠTRANCAR

FIG. 1. Experimental EPR spectrum of the spin-labeled bovine erythrocyte
ghost membrane (concentration of n-butanol 0.15 M, temperature 305 K) com-
pared with the simulated spectrum. The simulated spectrum is decomposed into
three spectral components (i = 1, 2, 3). The spectral parameters of a particular
component are related to the properties of a particular domain type.

as a criterion for accepting the best fit from a set of fits provided
by multi-runs of the optimization.

Three experiments were made and new erythrocyte ghosts
were prepared each time. Five samples—a control and four
different n-butanol concentrations—were measured at 11 tem-
peratures in each experiment, so all together 165 spectra were
recorded. To get the best possible fit the optimization of the same
spectrum was done 6 times. It took approximately 400 h of CPU
time to conduct these 990 optimizations on a dual-processor
(933 MHz Intel Pentium III) PC. Each spectrum was optimized
only 6 times because the optimization is time consuming. The
problem is computationally demanding because the number of
model parameters is usually high and nonlinear relations are in-
volved. In our experience, the probability of getting a better fit
by using more optimizations is no higher than 10–20%, and so
an appropriate balance needs to be found between the number
of optimizations and the time required. It is also worth remem-
bering that the probability of finding the real global minimum is
very high due to the use of the stochastic genetic algorithm. The
best-fitted spectrum-simulation parameters were used to draw
the plots presented under Results.

RESULTS
Figures 2–4 show the temperature dependence of the particu-
lar domain type i order parameter Si , rotational correlation time
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FIG. 2. The temperature dependence of the order parameter Si for a partic-
ular domain type i = 1, 2, 3, displayed for different n-butanol concentrations
(each point represents the average value of three different experiments). The

arrows indicate the breaks where the slope (∂S3/∂T )c changes abruptly. The
temperatures T ∗ at these points are presented in Fig. 5.
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FIG. 3. The temperature dependence of the rotational correlation time τi for
a particular domain type i = 1, 2, 3, displayed for different n-butanol concen-
trations (each point represents the average value of three different experiments).

The asterisks in the graph of τ3 indicate the ambiguity of the increase of τ3 with
T (see under Discussion for explanation).
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FIG. 4. The temperature dependence of the proportion wi for a particular
domain type i = 1, 2, 3, displayed for different n-butanol concentrations (each
point represents the average value of three different experiments).
AND ŠTRANCAR

τi , and proportion wi for different n-butanol concentrations c.
The slopes (∂Si/∂T )c and (∂wi/∂T )c for the particular domain
type relating to the different alcohol concentrations are summa-
rized in Table 2. In Fig. 5 the concentration dependence of the
characteristic temperature T ∗, at which the break in the temper-
ature dependence of S3 occurs, is presented.

There is no significant difference between the values of the
order parameters S1, S2 (and similarly, the rotational correlation
times τ1, τ2) of the two less-ordered domain types when the alco-
hol concentration is increased (Figs. 2 and 3). Similar behavior
is also seen for the parameters of the most-ordered domain type
below the break-point temperature T ∗. In other words, below
T ∗ the values of the order parameter S3 and the rotation corre-
lation time τ3 are similar for all the samples, independent of the
alcohol concentration (see Figs. 2 and 3). High fluctuations in
the graphs for rotational correlation times (Fig. 3) are a conse-
quence of high errors on these parameters, e.g., for the control
sample the order of size of the errors is ±0.6, ±0.2, and ±0.1 ns
for τ1, τ2, and τ3, respectively. In contrast, the proportions of
the most- (w3) and the least-ordered domain type (w1) are mod-
ified significantly by n-butanol, even below T ∗. The proportion
of the least-ordered domain type w1 increases with concentra-
tion, whereas w3 decreases (Fig. 4). However, the proportion
w2 of domain type 2 does not change significantly, either with
concentration or temperature (Fig. 4).

The credibility of these important results was examined with
an additional numerical experiment, which should confirm that
below T ∗ the domain-type order parameters do not change sig-
nificantly with alcohol concentration but the proportions, except
for w2, do. Therefore, optimized spectra of a sample contain-
ing n-butanol were taken and fitted once again by the simplex
algorithm, with the starting set of parameters taken from opti-
mized control spectra with no n-butanol added, so that: (A) the
domain-type order parameters were fixed and could not change
during the optimization, and (B) the proportions were fixed and
could not change during optimization. An example of this pro-
cedure on a randomly chosen experimental spectrum where the
concentration of n-butanol was 0.22 M is shown in Table 1. The
values of χ2 are much lower in the case of the fixed domain-type
order parameters (Table 1A) for almost all temperatures, which
indicates that our assumption is correct.

In the temperature range covered by our experiments an abrupt
change in the slope of the temperature dependence of Si oc-
curred only in the most-ordered domain type, while the other

TABLE 1

The Goodness of Fit χ2 Given by the Simplex Optimization
of a Spectrum of a Sample with Added n-Butanol: (A) Fixed Si ,
(B) Fixed wi

T (K) 295 297.5 300 302.5 305 307.5 310 312.5 315 317.5 320
A χ2 5.6 7.1 6.9 8.4 14.0 8.4 22.4 10.2 20.2 22.6 13.4
B χ2 8.8 11.7 24.0 16.1 24.6 11.9 23.8 17.6 17.7 27.9 15.7
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FIG. 5. The effect of different n-butanol concentrations on the temperatures T ∗ of the break-point in the slope (∂S3/∂T )c seen in Fig. 2 (points and bars

represent the mean ±S.D. from three different experiments). The proportion of the m

a
/c
on the graph (see parentheses). Since no breaks were seen for the control sample
T ∗(c) was supposed (full line on the graph; the dependence was fitted as T ∗ ∝ 1

two domain types showed a moderate linear decrease in the or-
der parameters with temperature. The broken linear temperature
dependence of the order parameter of the most-ordered domain
type was fitted by the method of least squares. The breaks were
clearly seen for three n-butanol concentrations 0.15, 0.22, and

TABLE 2
Comparison of the Slopes of the Temperature-Dependence Plots

of Si and wi for Different n-Butanol Concentrations for Domain
Types i = 1, 2, 3

Domain type i c (M) ( ∂Si
∂T )c (10−3 K−1) ( ∂wi

∂T )c (10−3 K−1)

1 0 −0.3 ± 0.3 +7.7 ± 0.5
0.07 −0.6 ± 0.3 +10.1 ± 0.3
0.15 −1.5 ± 0.3 +11.5 ± 0.3
0.22 −1.0 ± 0.2 +12.0 ± 0.4
0.37 −1.4 ± 0.1 +13.3 ± 0.7

2 0 −6.2 ± 0.3 +0.9 ± 0.5
0.07 −6.7 ± 0.2 +0.3 ± 0.3
0.15 −6.0 ± 0.3 +1.0 ± 0.5
0.22 −7.0 ± 0.3 +2.2 ± 0.4
0.37 −7.3 ± 0.5 0 ± 0.7

Below T ∗ Above T ∗

3 0 −7.5 ± 0.2 / −8.5 ± 0.3
0.07 −6.2 ± 0.3 / −12.7 ± 0.4
0.15 −5.5 ± 0.4 −18 ± 2 −12.6 ± 0.3
0.22 −4.3 ± 0.6 −15 ± 1 −14.2 ± 0.4

0.37 −7 ± 1 −18 ± 1 −13.3 ± 0.4

Note. Data are presented as a value of slope ±S.E.
ost-ordered domain type w3 at these points was always around 0.43 as indicated
nd for the sample with a 0.07-M n-butanol concentration, a nonlinear function
). For comparison, see also a linear fit (dashed line).

0.37 M, and the characteristic temperatures T ∗ of these breaks
were approximately 312, 307, and 304.5 K, respectively (indi-
cated by the arrows in Fig. 2). The dependence of T ∗ on the
concentration c is presented in Fig. 5. Since the breaks were not
observed for the lowest alcohol concentration and for the control
sample in the examined temperature interval, the dependence is
expected to be nonlinear (see Fig. 5).

The results for τ3 shown in Fig. 3 imply that τ3 increases with
T above T ∗ and for the highest three butanol concentrations. As
it will be discussed in the next section the increase is questionable
and the asterisks in Fig. 3 indicate this.

The slopes of the linear fits to the temperature dependence
of the domain-type order parameters and the temperature de-
pendence of the proportions for the particular domain type are
presented in Table 2. The small alteration in S1 and w2 with tem-
perature seen in Figs. 2 and 4, respectively, is reflected in Table 2
by the small slopes (∂S1/∂T )c and (∂w2/∂T )c. It is clear from
Table 2 that the slopes (∂S3/∂T )c determined for the different
alcohol concentrations change considerably above and below
T ∗. When the slopes for the proportions are compared, a jump
in the value of (∂w1,3/∂T )c is seen between the control sample
and the samples with the higher alcohol concentrations.

DISCUSSION
As a consequence of the presence of the different molecular
species in biological membranes, phase separation can occur
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(20, 21). The resulting lateral membrane heterogeneity was also
observed in our experiments on bovine erythrocyte ghosts us-
ing EPR-spectra decomposition. Since ghosts enable an accurate
spectrophotometric assay of enzyme activity, they were used in-
stead of intact erythrocytes. Since the membrane-bound enzyme
activity may depend on the properties of the particular domain
type, the overall activity A can be calculated as a weighted sum
of the effective enzyme activities Ai in the corresponding par-
ticular domain type. Supposing an inhomogeneous distribution
of the enzyme molecules (22) in the particular domain types the
overall enzyme activity can be written as

A =
∑

i

Nenz,i

Nenz,total
Ai (Si , τi ), [3]

where Nenz,i is the number of enzyme molecules in domain
type i and Nenz,total = ∑

i Nenz,i is the total number of enzyme
molecules. In addition, if the enzyme molecules were to be ho-
mogeneously distributed over the membrane, we could infer that
(Nenz,i/Nenz,total) ∝ wi . In order to determine Ai , the properties
of each domain type should be characterized in terms of its order
parameter Si , rotational correlation time τi , and proportion wi .

In order to gain a deeper insight into the domain structure of
the erythrocyte ghost membrane we varied the n-butanol con-
centration (as well as the temperature). The addition of alcohol
did not influence the temperature dependence of the order pa-
rameters of the two less-ordered domain types (Fig. 2). Only a
continuous decrease of the lipid ordering with temperature was
observed, which means that the acyl chain conformational and
motional freedom is continuously increasing with higher tem-
peratures. In contrast, for the most-ordered domain type (i = 3)
a break in the slope of the temperature dependence of S3 can be
observed at the characteristic temperature T ∗ (Fig. 5). The break,
i.e., T ∗, is shifted to lower temperatures when the concentration
of n-butanol is increased (Fig. 5).

Similarly, the alcohol does not affect the temperature depen-
dence of the rotational correlation time of the two fluid-domain
types (Fig. 3), but τ3 seems to increase at higher alcohol con-
centrations and above T ∗ (Fig. 3). The negative (∂τ1,2/∂T )c (see
Fig. 3) is expected if the system does not change dramatically
with T (3). Since τ3 shows increase with T , this unexpected
temperature dependence was examined with another numeri-
cal experiment. An optimized spectrum of a sample containing
n-butanol was taken and was fitted once again by the simplex
algorithm, where the starting set of parameters were parameters
obtained from the hybrid-evolutionary optimization except for
the value of τ3, which was fixed. The value, to which it was
fixed, was an average for the control sample of the same experi-
ment. The comparison of the goodness of fit for the experimental
spectra of a randomly chosen sample (concentration of n-butanol
was 0.37 M) is shown in Table 3: (A) the original value of the
goodness of fit and (B) the value of the goodness of fit after the

simplex optimization with fixed τ3. Table 3 shows that the dif-
ferences between the values of χ2 between case (A) and (B) are
AND ŠTRANCAR

TABLE 3

The Goodness of Fit χ2 after: (A) The Original Hybrid-
Evolutionary Optimization of a Spectrum of a Sample with Added
n-Butanol, (B) The Additional Simplex Optimization with Fixed
τ3 (=0.17 ns)

T (K) 295 297.5 300 302.5 305 307.5 310 312.5 315 317.5 320

A χ2 5.6 7.5 5.8 4.9 7.2 4.8 7.7 8.9 9.4 9.3 11.4
B χ2 5.8 7.6 5.8 4.8 7.3 4.6 8.3 9.8 8.8 10.9 11.6

small. In addition, the values of other parameters did not change
significantly in the second case (data not shown). These two ob-
servations imply that it is not straightforward to conclude that
τ3 should increase with temperature at higher alcohol concen-
trations and above T ∗. Due to the ambiguity of the temperature
dependence of τ3, it would be challenging to inspect it with a
different spectrum-simulation model or a different experiment.

It can be seen that at temperatures below T ∗ the influence
of alcohol on the membrane fluidity is expressed only in the
change of proportions (Fig. 4), whereas above T ∗ both the pro-
portions (Fig. 4) as well as S3 (Fig. 2)—and probably also τ3

(Fig. 3)—change with alcohol concentration. Consequently, it
can be concluded that the incorporation of n-butanol molecules
into the most-ordered domain type becomes less restricted at a
specific temperature, which we have denoted as T ∗. The restric-
tion below T ∗ could be due to a high S3 (23). This might be
explained by the higher partitioning of cholesterol molecules in
ordered lipid domains, which can expel alcohol molecules (24).
On the other hand, less restricted incorporation above T ∗ might
be induced by the conformational reorganization of the most-
ordered domain type. It is also possible that a phase transition
occurs at T ∗. Whatever the explanation, the abrupt increase in
the absolute value of the slope (∂S3/∂T )c above T ∗ (see Table 2)
and the (dubious) increase of τ3 with temperature at higher alco-
hol concentrations and above T ∗ (Fig. 3) seems to be conditioned
by the more intense incorporation of n-butanol molecules.

The slopes (∂S3/∂T )c for different concentrations below T ∗

are similar (see Table 2) since the partitioning of the n-butanol
molecules is low. Surprisingly, the slopes (∂S3/∂T )c are also
similar above T ∗ (Table 2). One possible explanation is that
at total n-butanol concentrations of 0.15, 0.22, and 0.37 M
the membrane concentration of alcohol in the domain type 3
is approaching its saturation concentration (25). This assump-
tion is supported by the fact that the ratio of n-butanol to lipid
molecules Nbut/Nlip can be quite high for the concentrations
used. It can be calculated from the partition coefficient that this
ratio (Nbut/Nlip) ≈ 1/2 for a 0.37-M concentration. Further-
more, the observation that for lower alcohol concentrations the
slope (∂w1,3/∂T )c changes faster than for higher concentrations
(Table 2) also supports the idea of saturation.

The decrease of T ∗ with n-butanol concentration (Fig. 5)

could be explained in terms of alcohol acting as an impurity in
the mixture and thus lowering the phase transition temperature
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(26). Although the discontinuities in the EPR spectral parameters
measured on the spin-labeled erythrocyte ghosts have already
been related to phase transitions (27, 28), some attention must
be paid to such relations (29). An alternative explanation comes
from the observation that the proportion of the most-ordered do-
main type w3 is always similar (around 0.43) at T ∗ (see Fig. 5).
This suggests that the value of w3 plays a role in providing the
condition for the break. Since w3 reaches this value at a lower
temperature for a higher alcohol concentration, the T ∗ concen-
tration dependence can be explained. The suggested importance
of the value of w3 points to the possibility that the connectivity
threshold (percolation) of the domain structure might appear at
T ∗ (30). In addition, the threshold can directly influence the ex-
change of lipid and alcohol molecules, which could help in the
explanation of the observed changed affinity of the domain type
3 for the n-butanol molecules above and below T ∗. However,
it should be stressed that the percolation cannot be predicted
from the absolute value of w3 (31). Another explanation for
the decrease of T ∗ with n-butanol concentration follows from
the assumed nonlinear concentration dependence of T ∗ (Fig. 5),
which could be a consequence of the saturation discussed in the
previous paragraph.

In the above discussion we dealt with the observed reorga-
nization of the most-ordered domain type exposed to higher n-
butanol concentrations. We also showed that the observed prop-
erties of the two less-ordered domain types do not depend on
the n-butanol concentration.

Now we turn to the discussion about the characteristic prop-
erties of the domain type 2. Since its lipid ordering qualifies it
to be in between those of the domain types 1 and 3 (Fig. 2), it
could be assumed that domains of type 2 are located in between
the least- and the most-ordered domain type. In this model there
is no direct contact between the domains of types 1 and 3. On
the other hand, the domains of type 2 can be a self-consistent
part of a membrane, and in this model the domains of types 1
and 3 are in direct contact. Such a situation is also supported
by the fact that the proportion w3 decreases at the expense of
w1 with concentration and at the same time the proportion w2

remains almost constant with concentration (Fig. 4). The de-
crease in the proportion w3 at the expense of w1 is due to the
gradual partial change of the domains’ 3 boundaries into a phase
akin to the domain type 1. This is facilitated by lipid exchange
in the boundary regions. In contrast, since w2 remains almost
constant, we would expect the phospholipid molecules in the
domains of type 3, close to the boundary between the domains
of types 3 and 2, not to perturb the contacting phases. It appears,
therefore, that the domain type 2 is somehow stabilized. The spe-
cial properties of the domain type 2 have been suggested before
(6), where the stability of the domain type 2 was explained by
its specific phospholipid composition. Another possibility could
be that the domains contributing to the domain type 2 are asso-
ciated with some of the erythrocytes’ supra-molecular structure,

like embedded proteins. It is believed that domains defined by
such structures could be relatively stable (32).
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CONCLUSIONS

We used the method of EPR-spectra decomposition to char-
acterize the bovine erythrocyte ghost membrane lateral domain
structure. The domain-type order parameters, the domain-type
rotational correlation times, and the domain-type proportions
were quantified by optimizing the simulated spectrum with
a hybrid-evolutionary-optimization method. At physiologically
relevant temperatures we believe that the fast-motion approach
satisfactorily describes the EPR spectra and that reliable data
can be obtained by the application of the optimization method.
In the temperature range covered by our experiments the break
in the temperature dependence of the order parameter occurred
only in the most-ordered domain type, while in the two more-
fluid domain types only a continuous and moderate decrease of
the lipid ordering was observed. The alcohol-induced membrane
fluidity variation below the break is mainly a consequence of the
change in the proportions of the least- and the most-ordered do-
main type with n-butanol concentration. Interestingly, the pro-
portion of the domain type, which has its ordering between the
ordering of the least- and the most-ordered domain type, remains
almost constant with concentration as well as with temperature,
which implies its stability. On the other hand, the fluidity change
above the break-point temperature also arises from changes in
the domain-type ordering and dynamics. It can be concluded
that the effect of n-butanol molecules is selective in terms of
its effect on the motional characteristics of lipid molecules in
different domain types. Such selectivity and its effect on the
domain-type properties might be helpful in an investigation of
the lipid–protein interactions in the membrane because it is be-
lieved that the membrane-bound enzyme activity depends on
local fluidity characteristics.
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