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The various stages of the interaction between the detergent Triton X-100 (TTX-100) andmembranes of whole
red blood cells (RBC) were investigated in a broad range of detergent concentrations. The interaction was
monitored by RBC hemolysis–assessed by release of intracellular hemoglobin (Hb) and inorganic phosphate–
and by analysis of EPR spectra of a fatty acid spin probe intercalated in whole RBC suspensions, as well as
pellets and supernatants obtained upon centrifugation of detergent-treated cells. Hemolysis finished at ca.
0.9 mM TTX-100. Spectral analysis and calculation of order parameters (S) indicated that a complex sequence
of events takes place, and allowed the characterization of various structures formed in the different stages of
detergent–membrane interaction. Upon reaching the end of cell lysis, essentially no pellet was detected, the
remaining EPR signal being found almost entirely in the supernatants. Calculated order parameters revealed
that whole RBC suspensions, pellets, and supernatants possessed a similar degree of molecular packing, which
decreased to a small extent up to 2.5 mM detergent. Between 3.2 and 10 mM TTX-100, a steep decrease in S
was observed for both whole RBC suspensions and supernatants. Above 10 mM detergent, S decreased in a
less pronounced manner and the EPR spectra approached that of pure TTX-100 micelles. The data were
interpreted in terms of the following events: at the lower detergent concentrations, an increase in membrane
permeability occurs; the end of hemolysis coincides with the lack of pellet upon centrifugation. Up to 2.5 mM
TTX-100 the supernatants consist of a (very likely) heterogeneous population of membrane fragments with
molecular packing similar to that of whole cells. As the detergent concentration increases, mixed micelles are
formed containing lipid and/or protein, approaching the packing found in pure TTX-100 micelles. This
analysis is in agreement with the models proposed by Lasch (Biochim. Biophys Acta 1241 (1995) 269-292)
and by Le Maire and coworkers (Biochim. Biophys. Acta 1508 (2000) 86-111).
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1. Introduction

Detergents are amphiphilic molecules able to wet surfaces,
penetrate soil and solubilize fatty materials. Moreover, they have
microbicidal effects and are widely used to solubilize membrane
components, in particular proteins [1–3].

The interest in detergent–membrane interaction concerns also the
physico-chemical and molecular aspects of this interaction. One
interesting aspect is the interplay betweenbilayer andmicellar structure
as a function of lipid and detergent concentration, as well as their molar
ratios. Theoretical and experimental work has shown that several steps
take place during lipid bilayer-detergent interaction to disrupt the
membrane. Different models have been proposed for the events that
occur during the process of membrane solubilization. In the model of
Lichtenberg et al. three main stages can be envisioned: (i) at low
detergent concentration and low detergent:lipid molar ratios (D/L),
molecules of the detergent are inserted into the lipid bilayer, until a
limiting saturation concentration, Csat, is reached. (ii) Subsequently,
lipids are extracted from the bilayer by already formed micelles, giving
rise to the coexistence of detergent-containing bilayers and lipid-
containing micelles. (iii) As the detergent concentration increases
further, total bilayer solubilization occurs (at a particular detergent
concentration, Csol). Further detergent addition leads to micelles with
increasing D/L [4]. Lasch [5] has described the process of membrane–
detergent interaction as consisting of four stages, namely, (i) detergent
intercalation in the membrane, (ii) coexistence between mixed bilayer
vesicles andmixed bilayer sheets, (iii) transition frommixed bilayers to
lipid-rich mixed micelles and (iv) decrease in particle size, as far as
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micelles grow gradually richer in detergent. In themodel proposed by Le
Maire et al. [6], solubilization involves anumber of intermediary states; it
usually starts by destabilization of the lipid component of the
membranes, a process that is accompanied by a transition of detergent
binding by the membrane from a noncooperative to a cooperative
interaction, already below the critical micelle concentration (CMC). This
leads to the formation of membrane fragments with detergent-shielded
edges.

In recent years, it has been found that certain lipids (sphingolipids
and cholesterol) and protein (e.g., glycosylphosphatidylinosiltol-
anchored proteins) components of biologicalmembranes are resistant
to detergent extraction, in particular TTX-100, giving rise to so-called
detergent-resistant membranes (DRMs) [7–9]. These lipid-rich com-
plexes have been also reported in erythrocytes [10–15] and are
postulated to be involved in membrane-mediated events such as
endocytosis of pathogens into cells, signal transduction, cholesterol
trafficking, spermatozoa capacitation [16–19]. The selective uptake of
detergent-resistant membrane proteins and cytoplasmic remodeling
of membrane components was demonstrated in erythrocytes during
malarial infection [20].

TTX-100 is a nonionic detergent, commonly used in studies of
biomembranes [21–26]. The solubilization of lipid membranes
triggered by TTX-100 is a well-described phenomenon [27,28]. The
hemolytic action of this detergent has also been widely studied [8,24–
26,29,30]. We have published a quantitative analysis of the hemolytic
effect of TTX-100 on human erythrocyte membranes [31] employing
the model described by Lichtenberg [32], using very low membrane
concentrations.

Among the approaches used in the study of detergent–membrane
interactions, spectroscopic techniques have been largely employed
[33]. Spin labeling EPR has been one of the most important
spectroscopic tools in providing information about molecular order
and dynamics in bilayers [34–36] and micelles [37]. Spin label spectra
are highly sensitive to effects on molecular organization caused by the
partitioning of solutes into bilayers [38–40] and have been used to
investigate the interaction between detergents and model or
biological membranes [2,29–41], as well as protein-detergent inter-
actions [30,42]. These studies showed that detergent incorporation
into the bilayer decreases the molecular order and increases the
mobility of the phospholipid hydrocarbon chains [2,41,43–46].
Moreover, spectra of spin-labeled fatty acids were used to distinguish
the packing properties of DRMs from those of intact erythrocyte
membranes [12,15,47]. However, no studymaking use of spin labeling
EPR has dealt with the whole ensemble of events involved in
detergent–membrane interaction.

Here we present a comprehensive study of the effect of TTX-100
upon membranes of human erythrocytes, encompassing a broad range
of D/L, at detergent concentrations varying from below to above the
CMC. Assessment of hemolysis by determination of Hb and inorganic
phosphate, and analysis of EPR spectraof a fatty acid spinprobe (5-doxyl
stearic acid, 5-SASL) incorporated inwhole cell suspensions, pellets and
supernatants allowed the evaluation of the D/L at which membrane
permeability was affected, as well as the characterization of the
structures present at different D/L.

2. Materials and methods

2.1. Chemicals

5-SASL and TTX-100 were from Sigma Chemical Co. All other
reagents were of analytical grade.

2.2. Hemolytic assay and phosphate determination

Human blood was freshly collected in a blood bank (Hemocentro/
Unicamp). Erythrocytes were obtained by centrifuging three times at
1000g for 3 min with 5 mM phosphate buffered saline (PBS), pH 7.4.
Variable TTX-100 concentrations were added to the erythrocyte
suspensions to a final hematocrit (Ht) of 40% and the samples were
kept for 15 min at 37 °C. After centrifugation at 10,000g for 3 min, the
concentration of hemoglobin (Hb) released in the supernatant was
measured at 412 nm, as described before [48]. In a similar way, the
intracellular phosphate released in the supernatant was determined
as inorganic phosphate, according to Chen et al. [49], after subtraction
of the amount of phosphate present in PBS. The extent of hemolysis,
expressed as relative hemolysis (RH), was determined on the basis of
released Hb or phosphate in the supernatant, according to Eq. (1)
[48]:

RH =
As−Ac1

Ac2−Ac1
× 100 ð1Þ

where As, Ac1, and Ac2 are the absorbance at 412 nm of the sample, the
mechanical hemolysis control (erythrocytes in PBS), and the 100%
hemolysis control (erythrocytes in water), respectively. Each experi-
ment was run in triplicate; RH values represent the mean of three
independent experiments.

2.3. EPR studies of TTX-100 micelles

Films of 5-SASL were prepared by evaporating a stock chloroform
solution of the spin label under a stream of N2. The remaining solvent
was removed under vacuum for 2 h. PBS buffer was added to produce a
final concentration of 1.10−5 M 5-SASL and the samples were vortexed
for about 5 min. Aliquots of a TTX-100 stock solution were added in
order to obtain a range of detergent concentrations. EPR spectra were
recorded in 0.2 mL flat quartz cells (Wilmad Glass Co., Buena, NJ), at
room temperature (22±2 °C), in a Bruker EMX spectrometer, operating
at 9 GHz and 3.4 kG.

2.4. EPR studies of erythrocytes

5-SASL films were prepared as described above and erythrocytes
(80% Ht) were added so that the final spin label concentration did not
exceed 2 mol% of erythrocyte membrane lipid [40]. The samples were
gently shaken for 15 min at 37 °C, TTX-100 was added to the
erythrocyte suspensions to reach a final Ht of 40%, and the samples
were kept for 15 min at 37 °C. EPR spectra were obtained at room
temperature (22±2 °C) for the whole erythrocyte suspensions
(before centrifugation), and for the supernatants and pellets (after
centrifugation at 10,000g during 3 min) as described above.

2.5. Analysis of EPR spectra: calculation of the order parameter

The orientation of the lipid long molecular axis with respect to the
bilayer normal can be evaluated by calculating the order parameter S,
from the EPR spectra of a reporter molecule (spin label) inserted in
the membrane [34]. S reflects the angular amplitude of anisotropic
motion of the reporter molecule and is determined making use of
Eq. (2):

S =
2A==−2A⊥

2 Azz− Axx + Ayy

� �
= 2

h i ð2Þ

where 2A// and 2A⊥ are the separations between the outer and inner
extrema, respectively, in the experimental spectrum (these features are
clearly seen in Fig. 2A). A// (A⊥) is the hyperfine splitting corresponding
to spin labels whose long molecular axes are oriented approximately
parallel (perpendicular) to the external magnetic field. Axx, Ayy, and Azz
are the values of the principal components of the hyperfine tensor
(Azz=32.0 G,Axx=Ayy=6.0 G) [35]. For stearic acid spin labels the long
molecular axis is approximately parallel to the nitroxide z axis
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(the direction of the pπ orbital that contains the unpaired electron), the
x axis is parallel to the N―O bond, and the y axis is perpendicular to x
and z. The larger the value of S, the smaller the amplitude of motion and
themore ordered the lipid chains. S varies from 0 (in isotropic systems)
to 1 (for a perfectly oriented molecule) [35]. Corrections for A⊥ and for
polarity were not included in the equation.

3. Results

3.1. Release of hemoglobin and intracellular phosphate to
the supernatant

Fig. 1 presents the curves corresponding to Hb and inorganic
phosphate released from erythrocyte suspensions (40% Ht) under
isotonic conditions, pH 7.4, as a function of TTX-100 concentration.
Both were determined in supernatants after sample centrifugation.
Taking the Hb results, the curve can be divided into four regions: (i)
between 0.1 and 0.3 mM TTX-100, where RH raises slowly with
increasing detergent concentration, (ii) between 0.3 and 0.7 mM TTX-
100where the slope is much greater, (iii) between 0.7 and 1.0 mMTTX-
100 where the curve raises very steeply, and finally, (iv) above 1.0 mM
TTX-100, where hemolysis reaches 100%. We have ascribed the
concentration of 0.3 mM TTX-100 to the beginning of the hemolytic
process. The appearance of inorganic phosphate in the supernatant
follows a very similar pattern, although Pi release began at lower
detergent concentrations than those required for the beginning of
release of Hb.

3.2. Spin label study of TTX-100 micelles

Fig. 2 shows the EPR spectra of 5-SASL in the presence of variable
TTX-100 concentrations. From top to bottom of Fig. 2A, spectra of the
label are seen in solution (PBS buffer) and at increasing (0.1–50 mM)
TTX-100 concentrations. The spectrum in solution is typical of a probe
tumbling freely in solution. As the detergent concentration increases,
spectra due to motionally restricted label appear. The appearance of
such spectra occurs in the concentration range of the CMC (0.23–
0.3 mM) of TTX-100 [50]. For concentrations between 0.4 and 0.7 mM,
the spectra due to more immobilized label do not display outer and
inner extrema and evince some exchange broadening (see spectrum
for 0.5 mM TTX-100). The spectra also show that at the lower detergent
concentrations, 5-SASL partitions between the aqueous phase and the
Fig. 1. Hemolytic effect of TTX-100 on human erythrocytes at 40% Ht, in 5 mM PBS
buffer, pH 7.4, after incubation at 37 °C for 15 min, as measured by release of
hemoglobin (■) or inorganic phosphate (○) in the supernatant. Results are
representative of 3 independent experiments.
micelles. As the detergent concentration increases, the spin label
increasingly partitions into themicelle, until nomore label is detectable
in the aqueous phase. Inner and outer extrema could be measured at
0.8 mMTTX-100 and above (Fig. 2A), allowing for the calculation of the
order parameter, S. The appearance of inner and outer extrema is in
contrast with data reported for other well known micellar systems
[37,51] for which the lack of these features in the spectra has been
ascribed to the smallmicelles size and the fast tumbling of themolecules
within the aggregate, but it has been detected in micelles with large
aggregation numbers such as that of the zwitterionic amidosulfobetaine
(ASB) detergents [52].

The presence of inner and outer extrema in the spectra of 5-SASL
incorporated in TTX-100 micelles indicates that these aggregates are
larger and/or more tightly packed than previously studied micelles.
Indeed, in studies of TTX-100 micelles, Robson and Dennis have
suggested that they consist of oblate ellipsoid aggregates with
semiaxes of 2.7 and 5.2 nm [50]. The particle's rotational correlation
time, τ, was calculated making use of the Stokes–Einstein equation
(Eq. (3))

τ =
4πr3η
3κT

ð3Þ

where r, η, k, and T are the particle radius, viscosity, Boltzmann
constant, and temperature, respectively. Assuming that r=4.0 nm
(the average of 2.7 nm and 5.2 nm) one obtains τ=5.1×10−8 s. This
value corresponds to a tumbling rate slow in the timescale of the EPR
experiment and indicates that the motion reported in the spectra is
that of the spin label within the micellar particle. Such value would
give rise to a powder spectrum, which is not observed. Thus, the
motion reported by the spectra corresponds to that of the probe
within the micellar particle; this motion is restricted enough to give
rise to spectra displaying outer and inner extrema (Fig. 2A). Very
likely, the chemical structure of the nonionic detergent contributes to
a tighter packing than in smaller, ionic detergent micelles. However,
the order parameters calculated for these spectra are much smaller
than those observed for whole RBC suspensions, pellets, and super-
natants (Table 1).

3.3. Spin label study of detergent-erythrocyte interaction

In order to investigate the structural properties of the various
aggregates resulting from the interaction of erythrocytes at 40%
hematocrit with variable TTX-100 concentrations, the lipid spin probe
5-SASLwas incorporated inRBCandEPR spectrawereobtained forwhole
cell suspensions, pellets and supernatants. The amphiphilic character of
the spin probe drives its intercalation between the molecular compo-
nents of aggregates such as micelles and bilayers.

Fig. 2B presents the EPR spectra of 5-SASL in whole RBC suspensions
after treatment with variable TTX-100 concentrations (left), as well as
their respective supernatants (center), and pellets (right). This figure
shows that at the lower detergent concentrations, the pellets spectral
intensity corresponds to the majority of the label population. This
population decreases stepwise up to 0.6 mM detergent and is not
detectable at 0.9 mM and higher TTX-100 concentrations. In contrast,
the spectra corresponding to supernatantdisplay veryweak intensityup
to 0.6 mMTTX-100, suggesting that at low detergent concentration this
population is very small. The situation is reversed for higher detergent
concentrations. At 0.9 mM TTX-100 and above, while essentially no
pellet spectrum is detected, the supernatants display spectrawithmuch
higher intensity than at the lower detergent concentrations. It is
noteworthy that 0.9 mMis thedetergent concentration atwhichHband
intracellular inorganic phosphate release are finished (Fig. 1).

Table 1 presents the values of order parameters calculated for the
spectra of 5-SASL inwhole RBC suspensions, supernatants, pellets, and
pure TTX-100 micelles. For the RBC suspensions in the presence of



Fig. 2. EPR spectra of 5-SASL at increasing TTX-100 concentrations (0–50 mM): A) in PBS buffer; B) in 40% Ht erythrocyte membranes: whole suspension (left column), supernatant
(central) and pellet (right column). N.D. = not determined (see text).

Table 1
Order parameter, S, calculated for the spectra of 5-SASL incorporated in whole
erythrocytes, supernatant, and pellet in the presence of increasing TTX-100 concentra-
tions. The last column gives the values of S for pure TTX-100 solutionsa.

[TTX-100]
mM

Red blood cells

S TTX-100 S Whole S Supernatant S Pellet

0.0 Ndb 0.697 Ndc 0.700
0.1 Ndb 0.710 Ndc 0.707
0.2 Ndb 0.700 Ndc 0.699
0.3 Ndb 0.711 Ndc 0.695
0.4 Ndd 0.689 Ndc 0.695
0.5 Ndd 0.670 0.702 0.693
0.6 Ndd 0.667 0.691 0.681
0.7 Ndd 0.670 0.695 Nde

0.8 0.482 0.677 0.701 Nde

0.9 0.447 0.671 0.689 Ndd

1.0 0.449 0.672 0.669 Ndd

1.2 0.478 0.667 0.650 Ndd

2.5 0.448 0.670 0.639 Ndd

3.2 0.448 0.614 0.619 Ndd

10.0 0.466 0.519 0.528 Ndd

25.0 0.461 0.498 0.498 Ndd

32.5 0.458 0.490 0.486 Ndd

50.0 0.461 0.472 0.479 Ndd

a Experimental conditions as in Fig. 2.
b Only the spectrum due to label free in solution was detected.
c Not determined, because of high noise in the spectra due to the small amount of

aggregates in the supernatant.
d Not determined, see text.
e Spectra were not obtained because the volumes of the remaining pellet fractions

were too small.
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variable detergent concentration, three different regions can be
distinguished: (i) between 0 and 0.4 mM detergent, where the values
of S ranged from 0.689 to 0.711 for whole RBC suspensions. Very
similar values were obtained for the pellets (0.695–0.707), suggesting
that incorporation of the detergent did not cause a significant effect on
bilayer organization. In this region the supernatants yielded essen-
tially undetectable spectra (ii) between 0.5 and 0.9 mM detergent,
where S for whole RBC suspensions ranged between 0.667 and 0.677,
while the supernatants yielded somewhat higher, also approximately
constant, S values (0.689–0.702). Spectra of the pellets were detectable
for 0.5 and 0.6 mMTTX-100, however, the amounts of pellet for 0.7 and
0.8 mM TTX-100 were not sufficient to obtain EPR spectra; (iii) 1.0 mM
TTX-100 and above: the values of S decreased andwere very similar for
both whole RBC suspensions and supernatants. In this concentration
range essentially no pellet was detected; therefore, the whole RBC
suspensions and supernatants were essentially equivalent. At the
highest detergent concentrations (25 mM and above) the spectra, and
consequently, the values of S approached those of pure TTX-100
micelles.

A plot of S as a function of TTX-100 concentration is given in Fig. 3.
The figure shows that the order parameter decreased to a small extent
up to approximately 2.5 mM detergent, and started to decrease more
steeply at 3.2 mM TTX-100, reaching a much lower value at 10 mM
detergent. Between 10 mM and 50 mM detergent, S decreased in a
less pronounced manner and the EPR spectra approached that of pure
TTX-100 micelles. This behavior was very similar for both whole RBC
suspensions and supernatants. S values obtained for pure TTX-100
samples are also plotted. In addition, the EPR data are compared to the

image of Fig.�2


Fig. 3. Relative hemolysis (◊) and order parameters for whole human RBC suspension
(40% Ht, in 5 mM PBS buffer, pH 7.4, 22±2 °C) (■) and supernatants (○) as a function
of TTX-100 concentration. Error bars represent the standard deviation (n=3). S values
for 5-SASL spectra in pure TTX-100 solutions (▲) are also plotted.
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relative hemolysis as a function of detergent concentration (right
axis). Fig. 3 clearly shows that both parameters do not display a
parallel behavior.

4. Discussion

Several models have been proposed for the steps involved in the
process ofmembrane solubilizationbydetergent.On thebasis ofprevious
suggestions by Helenius and Simons [53], Lichtenberg proposed a
mechanism describing the process as a membrane-to-micelle transition
[4,32]with the transient formation of bothmixedmembranes andmixed
micelles, composed by lipids, proteins, and detergent molecules. In this
model, the detergent is proposed to partition into the bilayer until
reaching a saturating detergent/lipid molar ratio (D/L). At higher D/L,
mixed lipid–detergent bilayers coexist with mixed detergent-lipid
micelles. Further increase of detergent leads to increased membrane
solubilization with formation of detergent micelles with increasing D/L.
Goñi and coworkers used this approach to study the solubilization of lipid
and biological membranes by different nonionic detergents [27,54,55].

In previous work [31], we examined the interaction between TTX-
100 and membranes of human erythrocytes when intact RBC were
exposed to increasing detergent concentrations. These studies were
performed at lower membrane concentrations (0.075 to 0.45% Ht) than
in the present work. The beginning and end of hemolysis were taken as
an indication of the achievement of bilayer saturation by the detergent
and the end of membrane solubilization, respectively. However, at such
low membrane concentrations, it was not possible to investigate the
structures of the aggregates formed in the presence of the various
detergent concentrations.

Other models have been proposed to describe the mechanism of
membrane–detergent interaction. Lasch and coworkers [5,56] and
Moller and coworkers [6,57] have reported the formation of membrane
fragments in the initial stages of solubilization, and proposed that that
detergent molecules would be located at the edges of these fragments,
shielding the hydrophobic portions of lipids and proteins from the
contact with the aqueous solvent. Indeed, membrane sheets have been
detected in studies of the interaction of detergents with model systems
containing pure lipids [58] as well as lipid and protein [57] with
detergents.

In the present study, the goal was to make use of spin label spectra
in order to characterize the structural and dynamic properties of
aggregates formed upon the interaction between TTX-100 and human
erythrocyte membranes when intact RBC are exposed to increasing
detergent concentrations. Since the spin labeling technique requires
membrane concentrations much higher than those used in our
previous study [31], it was possible to examine the various types of
aggregates formed during the different stages of membrane–
detergent interaction. The results showed that under the conditions
used in the present work, a more complex picture emerges, as
evidenced by the following observations: The hemolysis study
showed that this process started and ended at approximately 0.3
and 0.9 mM TTX-100, respectively (Fig. 1). These concentrations
correspond toD/L of approximately 0.08 and0.26; these values aremuch
smaller than those found previously for the onset and end of membrane
solubilization in phospholipid bilayers: 0.7 and 3.0, respectively [27] or
0.64 and 2.5, respectively [59].

Interestingly, the EPR spectra indicated that at 0.9 mM detergent,
essentially nopelletwaspresent in the sample, and, therefore, thewhole
population of RBC suspensions at this and higher TTX-100 concentra-
tions was found in the supernatants. Moreover, the presence of low
intensity signals in the supernatants started at concentrations as low as
0.3 mM TTX-100, increasing considerably up to 0.9 mM detergent
(Fig. 2B and Table 1). An examination of the variation of the order
parameter (Table 1 and Fig. 3) reveals that the values of S decreased very
slowly between 0.1 and 2.5 mMTTX-100 andwere similar forwhole cell
suspensions, pellets and supernatants. Thus, the aggregates in the
supernatant in this range of detergent concentration display molecular
packing properties very similar to those of the native membranes.

A steeper decline in the values of S occurred between 2.5 and 10 mM
TTX-100, and a slower decrease up to 50 mMdetergent, reaching those
of the pure detergentmicelles (Fig. 3 and Table 1). The concentrations of
2.5 mM and 10 mM correspond to D/L of 0.72 and 2.88, which is in the
range of those reported for membrane saturation and solubilization in
pure lipid bilayers [27,59,60].

How can these findings be interpreted?We propose that the initial
incorporation of TTX-100 into the bilayer leads to an increase in
permeability which, due to a colloid osmotic imbalance, causes
formation of pores of size sufficient to allow the release of
hemoglobin. Previous studies of detergent–membrane interaction
have demonstrated that detergent intercalation into intact mem-
branes causes an increase in permeability prior to the beginning of
solubilization [55,59]. Chernitsky and Senkovich [61] have evaluated
that the diameter of detergent-induced pores in erythrocytes is of the
order of 4 nm. The size of Hb is 5.5 nm [62], thus it is quite plausible
that the protein could exit through these pores, at D/L lower than
those necessary for the actual membrane solubilization.

The presence of spectra resembling those of the native membrane
in the supernatant in the concentration range 0.1–2.5 mM TTX-100
(Fig. 2B) suggests the formation of membrane fragments (or vesicles)
small enough to remain in suspension upon centrifugation. This
hypothesis is corroborated by the similarity of S values for whole cell
suspensions and supernatants (Fig. 3 and Table 1). This picture is in
agreement with work on the solubilization of membranes containing
the Ca2+-ATPase, where the authors describe the appearance of
different aggregates prior to solubilization [57]. It is noteworthy that a
greater variety of stages (and aggregates) was found with TTX-100.
The authors proposed a model for non-cooperative detergent
insertion in the bilayer to account for changes in bilayer molecular
packing and, therefore, permeability, and for cooperative formation of
edges, creating the curvature that would allow the formation of
fragments of limited size.

The presence of membrane fragments in the supernatant at low D/L
is clearly evinced in the present study. Although the noise in the spectra
does not allow themeasurement of outer and inner extremawith good
accuracy, Table 1 shows that the membrane fragments in the super-
natants, especially at the lower detergent concentrations, posses
somewhat higher order parameters than the pellets and/or whole
cells, suggesting that the fragments could be enriched in cholesterol and
sphingolipids. It is noteworthy that DRMs are described as enriched in
those lipids [9]. Actually, DRMs from human erythrocyte ghosts

image of Fig.�3
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obtained in particular conditions (under centrifugation in a sucrose
gradient at 4 °C), contain around30%of totalmembrane cholesterol [13]
and we have recently reported an increase in S values of these
erythrocyte membrane fragments prepared with TTX-100 (in compar-
ison to native RBC) that has been ascribed to the formation of a liquid-
ordered, cholesterol-enriched phase at both 4 °C [15] and 37 °C [63].

The membrane-like fragments persist up to 2.5 mM detergent (D/L
0.72). Subsequently, as the detergent concentration increases, mem-
brane solubilization effectively occurs. As D/L increases, detergent
micelles containing low proportions of lipid and/or protein prevail and
approach the composition andmolecular organization of pure detergent
micelles. This is also evinced by the EPR spectra (compare Fig. 2A and B)
and by the values of order parameters (Table 1 and Fig. 3). Fig. 3 shows
that the order parameter decreases steeply between 2.5 and 10.0 mM
TTX-100, and that the decrease of this parameter is slow for higher
detergent concentrations up to 50.0 mM. Interestingly the D/L ratio at
10.0 mM TTX-100 is 2.88. Thus, although a more complex series of
events was observed in the present study, the stage of conversion from
membrane tomixedmicelles seems to occur at D/L ratios close to those
observed in model membranes.

In conclusion, the results indicate the interaction between whole
RBC and TTX-100 consists of an ensemble of stages: the initial
incorporation of detergent molecules into the membrane leads to a
decrease in molecular packing which causes an increase in
permeability, resulting in hemolysis. Subsequently, EPR spectra of
an intercalated spin probe in the supernatant phase revealed the
presence of detergent-stabilized membrane fragments, probably by
means of edges surrounding these fragments. Finally, at higher
detergent concentrations, full membrane solubilization is achieved,
its molecular components being incorporated into detergent
micelles. Thus, EPR spectra, in conjunction with hemolysis data,
allowed the characterization of the various structures formed in the
different stages of detergent–membrane interaction.
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