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Abstract

Lipid rafts are membrane structures enriched in cholesterol, sphingomyelin and glycolipids. In
majority raft-mimicking model systems high contents of cholesterol and sphingomyelin
(approximately 30 mol%) are used. Existence of raft-like structures was, however, reported
also in model and natural membranes containing low levels of cholesterol and sphingomyelin.
In the present work differential scanning calorimetry and fluorescence spectroscopy with the
use of Laurdan probe was employed to demonstrate the existence of phase separation in
model systems containing DPPC with addition of 5 mol% or 10 mol% of both cholesterol and
sphingomyelin. Additionally, the influence of three phenothiazine derivatives on phase
separation in mixed DPPC/cholesterol/sphingomyelin bilayers was investigated.
Chlorpromazine, thioridazine and trifluoperazine were able to induce phase separation in
DPPC and DPPC/cholesterol/sphingomyelin bilayers in temperatures below lipid main phase
transition. However, only trifluoperazine induced phase separation in temperatures close to or
above main phase transition. Trifluoperazine also induced phase separation in bilayers
composed of egg yolk PC or DOPC mixed with cholesterol and sphingomyelin. We
concluded that presence of lipid domains can be observed in model membranes containing
low levels of cholesterol and sphingomyelin. Among three phenothiazine derivatives studied,
only trifluoperazine was able to induce a permanent phase separation in

phosphatidylcholine/cholesterol/sphingomyelin systems.
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Abbreviations:
Chol — cholesterol, CPZ — chlorpromazine, DOPC — dioleoyl phosphatidylcholine, DPPC —
dipalmitoyl phosphatidylcholine, EYPC — egg yolk phosphatidylcholine, GP — generalized

polarization, SM — sphingomyelin, TDZ — thioridazine, TFP — trifluoperazine,

Introduction

During the last decade lipid rafts attracted attention of many laboratories investigating
biological membranes because they offer an excellent possibility to explain mechanisms of
many membrane-related processes like transport, sorting, signal transduction and others [1, 2].
Rafts are observed in natural membranes but they can be also obtained in models like giant
unilamellar vesicles [3], supported lipid monolayers or bilayers [4]. In case of lipid rafts
heterogeneous distribution of their main components: sphingomyelin and cholesterol is
caused by the differences in physical properties of those compounds and their surrounding.
For this reason in majority of model systems mimicking raft behavior besides sphingomyelin
and cholesterol highly fluid (at the temperature of experiment) lipids are also used. Such a
composition of model system provides favorable circumstances for phase separation. Other
feature of most commonly explored raft model systems is that cholesterol and sphingomyelin
are present in high concentrations (approx. 30% of total lipid content, see [5] for most recent
study in this field). It has been shown, however, that phase separation can be observed in
model membranes containing much smaller cholesterol and sphingomyelin amounts. Using
fluorescence correlation spectroscopy Kahya et al. [6] observed phase separation in giant
unilamellar vesicles containing even less than 10% of cholesterol in DOPC/SM/Chol mixture.
This finding demonstrates that presence of lipid rafts (or more general phase separation) is
possible even in situations in which cholesterol content in membrane is small. Low

cholesterol level was observed in disk membranes of the rod cells of retina [7]. Such a



composition of disks does not exclude, however, the presence of lipid rafts in these
membranes [8, 9]. On the other hand, it was also found that low levels of membrane
cholesterol appear in certain stages of development of B cells [10].

Phase separation can be observed in systems containing at least two lipid components
differing in physical properties but can also be induced in mono-component systems under
certain experimental conditions. As we have shown some years ago phenothiazine derivative
— trifluoperazine, can induce phase separation in phosphatidylcholine bilayers in temperatures
below the main phase transition [11]. The fact that phenothiazines alter the properties of lipid
bilayers may correlate with their ability to modulate the activity of multidrug-related transport
proteins [12] and therefore they became the object of our studies. In present work we describe
the studies on the influence of three phenothiazine derivatives (trifluoperazine,
chlorpromazine and thioridazine) on phase separation in mixtures containing low levels of
cholesterol and sphingomyelin. The fluorescent indicator Laurdan was employed, whose
generalized polarization is an ideal tool to follow the formation of domains in lipid systems
[13, 14]. It was found that all studied drugs induced phase separation, however the appearance

of this effect depended on the phase state of the bilayer.

Materials and Methods

Chemicals

Drugs used in the present study: chlorpromazine (CPZ), trifluoperazine (TFP) and
thioridazine (TDZ) were products of ICN Biomedicals (Costa Mesa, CA, USA). Lipids: 1,2—
dipalmitoyl-sn—glycero—3—phosphatidylcholine (DPPC), 1,2-dioleoyl-sn-glycero-3-
phosphocholine (DOPC), L—a—phosphatidylcholine from egg yolk (EYPC), sphingomyelin

(SM) from egg yolk and cholesterol (Chol) were purchased from Sigma (St. Louis, MO,



USA). Laurdan (6-dodecanoyl-2-dimethylaminonaphthalene) was from Molecular Probes
(Eugene, OR, USA). All other chemicals used in experiments were of analytical grade.
Microcalorimetry

DPPC was mixed with chloroform solutions of cholesterol and/or sphingomyelin to obtain the
desired molar ratios. Lipid mixture was then evaporated under stream of nitrogen and placed
under vacuum for minimum 2 hours to remove the traces of organic solvent. Next, each
sample (1.5 mg of lipid) was hydrated with 15 ul of buffer (20 mM Tris-HCI 0.5 mM EDTA,
150 mM NaCl, pH 7.4) containing the appropriate amount of CPZ, TFP or TDZ. The samples
were heated to the temperature c.a. 10 °C higher than the temperature of main phase transition
of DPPC and vortexed. Optically homogenous lipid mixtures were transferred into aluminum
pans and sealed.

Calorimetric measurements were performed using Rigaku calorimeter, which was partially
rebuilt in our laboratory. Samples were scanned immediately after preparation with scanning
speed of 1.25 °C/min. For each lipid mixture studied at least two samples were prepared, each
sample was scanned at least four times.

Fluorescence spectroscopy

Phospholipids (DPPC, DOPC or EYPC) were mixed with appropriate amounts of cholesterol
and/or sphingomyelin in chloroform. Organic solvent was then evaporated under stream of
nitrogen and the samples were kept under vacuum for at least 2 hours. Unilamellar liposomes
were obtained by sonication of lipid suspensions in 20 mM Tris-HCI buffer, 0.5 mM EDTA,
150 mM NaCl (pH 7.4). Sonication was performed using UP 200s sonicator (Dr Hilscher,
Berlin, Germany) operating at 50/50 pulse mode. Samples were sonicated on ice until the
liposome suspension became opalescent. Sonicated samples were not checked for remaining
multilamellar vesicles and integrity. Laurdan (1 mM) was dissolved in dimethyl sulfoxide, all

drugs (10 mM) were dissolved in water. Liposomes (final phospholipid concentration 200



uM) were incubated with fluorescent probe (concentration 3 uM) in darkness for 30 min at
room temperature. Next phenothiazine derivative was added (in amounts that gave final drug
concentration in samples of 100 uM) and the incubation was continued for further 15 minutes
under the same conditions.

Laurdan emission spectra were collected using LS 50B spectrofluorimeter (Perkin—Elmer
Ltd., Beaconsfield, UK). Emission and excitation slits were set to 5 nm. Temperature was
controlled by a water-circulating bath and the actual temperature was measured directly in the
cuvette using a platinum thermometer. The content of the cuvette was continuously mixed. In
GP(\ex) experiments excitation wavelength for Laurdan was 320400 nm and fluorescence
emission spectra were recorded in the range of 410-540 nm, while in GP(T) experiments
Laurdan was excited at 390 nm and emission spectra were collected in the wavelength range
410-540 nm. Data were collected and processed with FLDM Perkin—Elmer software. Laurdan

generalized polarization was calculated according to the equation [15]:

-t}
B R

where Iz and Iz were the fluorescence emission intensities at the blue and red edges of the
emission spectrum, respectively. The GP values were calculated using emission intensities at
440 nm (Ig) and 490 nm (Ir). Since studied phenothiazines showed only negligible
fluorescence in the wavelengths range used in experiments (less than 1% of Laurdan
intensity) and we have not recorded any significant influence of these compounds on Laurdan
spectral properties, the recorded data were not corrected for the presence of phenothiazines.
Partition coefficient calculations

Octanol/water partition coefficients of phenothiazine derivatives studied in present work were
calculated by computer software Titan (Wavefunction, Inc., Schrédinger Inc., USA).

Calculations were made using AM1 semi-empirical molecular orbital method.



Results

Calorimetric investigations were performed to give a preliminary description of phase
behavior of DPPC/SM/Chol mixtures and to characterize the impact of phenothiazine
derivatives on these mixtures. Figure 1 exemplifies the character of changes induced by
addition of first cholesterol and sphingomyelin and then trifluoperazine to DPPC. As can be
seen there, increasing amounts of Chol and SM in samples shifted the main transition
temperature towards lower values and broadened the transition profile. The presence of the
drug in DPPC/Chol/SM mixtures further broadened the transition profile. Due to the presence
of cholesterol and sphingomyelin in studied samples the pretransition of DPPC was
completely abolished and only the main phase transition peaks were present in the recorded
thermograms. The results of these measurements are presented in Table 1. When the
concentration of cholesterol and sphingomyelin in studied mixtures was increased we
observed the gradual decrease of DPPC’s main phase transition temperature and enthalpy.
Simultaneously the transition peaks were broadened, as illustrated by the increase of the half-
height width of transition peaks. When phenothiazine derivatives were added to the studied
lipid mixtures further alteration of phase transition parameters was recorded. In mixtures
containing 5 mol% of Chol and SM trifluoperazine and chlorpromazine induced additional
phase transition temperature decrease followed by significant broadening of transition peaks.
Transition enthalpy was decreased by TFP but not by CPZ. Presence of thioridazine has not
changed the transition temperature, caused only slight increase of the transition half-height
width but substantially decreased the transition enthalpy. The thermograms, recorded for lipid
mixtures as well as for samples with addition of phenothiazine derivatives, were composed of

single peaks, no humps on the shoulders or double peaks were observed. For phenothiazine-



lipid mixtures containing 10 mol% of both Chol and SM the transition peaks become so broad
that determination of the transition parameters was not possible (see thermogram 4 in Fig. 1).
To broaden the description of the DPPC/Chol/SM mixtures phase behavior we measured the
dependence of Laurdan generalized polarization on temperature in liposomes containing
different amounts of cholesterol and sphingomyelin. The influence of CPZ, TFP and TDZ on
GP(T) dependencies obtained for liposomes composed of pure DPPC, 5 mol% and 10 mol%
of both cholesterol and sphingomyelin are plotted in Figs 2A, 2B and 2C, respectively. In all
cases a drop of GP values was observed in certain range of temperatures. The narrowest
temperature range of this drop was recorded in liposomes composed of pure DPPC, while the
range of GP values’ decrease was much bigger for liposomes containing increasing amounts
of cholesterol and sphingomyelin. Also addition of phenothiazine derivatives increased this
range and induced its shift towards lower temperatures. Among the three studied
phenothiazines TFP exerted the biggest influence on this increase of GP drop range and shift
of this drop in all examined lipid combinations.

In further experiments we measured the dependence of Laurdan generalized polarization on
excitation wavelength in the liposomes containing 5 mol% or 10 mol% of cholesterol and
sphingomyelin. These experiments were performed at room temperature, i.e. the temperature
in which DPPC (as well as sphingomyelin) was in the gel phase. As presented in Fig. 3A for
pure DPPC and for mixtures DPPC/Chol and DPPC/SM containing 5 mol% of cholesterol or
sphingomyelin, respectively, GP was almost constant for all excitation wavelengths, with
values lying in the range between 0.5 and 0.6. Only for mixtures of DPPC with 5 mol% of
both Chol and SM we observed a gradual GP increase from 0.32 to 0.46, when the excitation
wavelength was elevated from 310 nm to 390 nm. Simultaneously for all mixtures containing
10 mol% of cholesterol and/or sphingomyelin we recorded the ascending GP(A.x) dependence

— see Fig 3B. It is worth to notice that in Fig. 3B for each of the excitation wavelengths GP



values for DPPC/Chol mixtures were higher (in the range between 0.4 and 0.5) than those for
DPPC/SM or DPPC/Chol/SM.

In the next step we used Laurdan generalized polarization to characterize the influence of
three phenothiazine derivatives: chlorpromazine, thioridazine and trifluoperazine on the phase
behavior of DPPC/Chol/SM mixtures. Since from the calorimetric experiments we already
knew that presence of phenothiazine derivatives alters the main phase transition temperature
of studied systems the experiments were performed at three temperatures at which the
mixtures were well below (26.1 °C), close to (40.9 °C) and well above (55 °C) the main phase
transition temperature, respectively. According to our calorimetric data phenothiazines affect
main phase transition of lipids. Spectroscopic experiments were performed also in
temperature close to the main phase transition because we wanted to check if phenotiazines
induce (or not) any additional phase separation effects when bilayer lipids are changing their
packing mode. The results of these measurements are summarized in Fig. 4. As follows from
that figure for the temperature at which mixtures were in the gel phase (26.1 °C, left column)
we found that addition of phenothiazines altered the character of GP(A.x) dependence.
Generally the increase of GP values following the elevation of excitation wavelength was
recorded. For all DPPC/Chol/SM mixtures, however, the slope of this dependence was much
steeper for lower wavelengths, while less significant GP values increase was observed for
wavelengths closer to 390 nm. The extent of the total GP change depended also strongly on
the type of phenothiazine derivative used. For all studied DPPC/Chol/SM mixtures the
weakest impact on GP(A.x) dependence was exerted by CPZ, TDZ affected this dependence
more strongly, and the strongest influence was recorded when TFP was added to studied lipid
mixtures. The extent of GP alteration by phenothiazine derivatives was also dependent on the
composition of the mixtures. For the increasing amounts of cholesterol and sphingomyelin in

mixtures we observed a downward shift of GP(Ac) plots.



When the experiments were performed at temperature close to the main phase transition (40.9
°C), the character of the recorded GP(A.x) dependencies has changed. Chlorpromazine or
thioridazine added to DPPC liposomes caused the decrease of GPs as the excitation
wavelength was increased. This effect was weaker for mixtures containing 5 mol% of
cholesterol and sphingomyelin, because only a minute decrease of GP values was found. For
mixtures containing 10 mol% of Chol and SM we observed a slight increase of GP as the
excitation wavelength was elevated. Different effects were recorded when trifluoperazine was
added to the studied mixtures. In pure DPPC liposomes as well as in those formed from
DPPC/Chol/SM mixtures TFP induced an increase of GP for the wavelength increasing in the
range 320 — 350 nm, while for bigger excitation wavelengths a very small decrease of GP was
recorded.

In most of the measurements performed at temperature above the main phase transition (55
°C) we found a descending relation between GP and excitation wavelength. The exception
were samples with addition of TFP for which we observed biphasic GP(Aex) dependence: an
increase of GP for A lying in the range 320 — 350 nm followed by the decrease for higher Acx
values. Its worth to notice that at this temperature all of the recorded GP values were
significantly smaller than those obtained at lower temperatures.

Finally, we determined the influence of phenothiazine derivatives on the Laurdan GP(A.x)
dependencies in liposomes composed of EYPC and DOPC mixtures with cholesterol and
sphingomyelin. These experiments were performed at room temperature because both
phospholipids are in liquid-crystalline phase at this temperature. As it can be seen in Fig. 5,
the results obtained in this part of work were qualitatively very similar to those obtained for
DPPC/Chol/SM mixtures at 55 °C. When CPZ and TDZ were added to liposomes formed
either from pure phospholipids or from lipid/Chol/SM mixtures the descending relation

between GP and excitation wavelength was recorded. Similar to DPPC systems in case of

10



TFP addition we observed biphasic GP(Aex) dependence, however the slope of the descending
phase in EYPC and DOPC mixtures was greater than in DPPC ones. For mixtures of both
phospholipids containing 10 mol% Chol/SM the recorded values of GP were slightly bigger

than for 5 mol% mixtures.

Discussion

According to the thorough description of the influence of cholesterol on phase properties of
DPPC presented by McMullen and McElhaney [16], in mixtures containing more than 5
mol% of this sterol the pretransition is completely abolished. Pretransition was absent also in
the thermograms of DPPC/Chol/SM mixtures studied in the present work. As it follows from
the data presented in Table 1 the main phase transition of DPPC was affected by cholesterol
and sphingomyelin in a similar way as it was described for the influence of cholesterol alone.
The temperature and enthalpy of transition were decreased and transition peaks were
broadened by addition of Chol and SM to the studied systems. This character of phase
transition parameters alteration induced by presence of increasing amounts of cholesterol and
sphingomyelin suggests that both regions (hydrophobic core and polar head-groups) of lipid
bilayer were perturbed [17]. However, unlike the results presented by McMullen and
McElhaney [16], we have not recorded thermograms containing two overlapping components:
sharp and broad. The existence of only one component in our calorimetric results presumably
was a caused by the fact that in our samples apart from cholesterol also sphingomyelin was
present. In our experiments we used scanning rate higher than used in [16], what also can be a
reason for appearance of only one component in thermograms. As a matter of fact also other
authors, using low scanning rates have not recorded two components for cholesterol/DPPC

mixtures [18]. According to the phase diagram proposed in [16] we may assume that
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DPPC/Chol/SM systems in temperatures below the phase transition were in liquid ordered gel
phase and in liquid ordered liquid crystalline phase in higher temperatures.

Our theoretical calculations have shown that octanol/water partition coefficients of CPZ (Log
P = 3.617), TFP (Log P = 3,735) and TDZ (Log P = 4,032) were very similar. Also the
experimentally determined by Takegami et al. [19] as well as by Binford and Palm [20]
water/lipid bilayer partition coefficients of CPZ, TFP and TDZ show only small differences.
In our opinion possible differences of phenothiazine partition between water and lipid phases
are not big enough to explain the differences of their effects observed in present work. The
influence of chlorpromazine and trifluoperazine on the calorimetrically observed phase
properties of DPPC/Chol/SM mixtures was different than that of thioridazine. CPZ and TFP
present in mixtures containing 5 mol% Chol/SM induced only moderate decrease of transition
enthalpy, while transition temperature was decreased more significantly. Simultaneously we
observed pronounced broadening of transition peaks. On the other hand TDZ changed
transition temperature and peak width only slightly but it decreased transition enthalpy much
greater than CPZ and TFP. This results allow us to conclude that all three phenothiazine
derivatives interact with DPPC/Chol/SM bilayers but CPZ and TFP are presumably located
closer to the bilayer surface than TDZ.

The character of DPPC main phase transition changes induced either by alteration of liposome
membrane composition or by the presence of phenothiazine derivatives revealed by
microcalorimetry was confirmed by GP(T) measurements. GP drop present in all curves in
Fig. 2 corresponded to the phase transition. Thus increased range of temperatures in which
this drop was observed in the presence of cholesterol and sphingomyelin correlated with
transition peak broadening observed calorimetrically. Simultaneously, the shift of GP drop
range towards lower temperatures (observed in each panel of Fig. 2) represented the decrease

of main phase transition temperature induced by phenothiazine derivatives. It is easy to notice
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that to obtain a similar magnitude of phase transition broadening and temperature shift in
DSC and spectrofluorimetric measurements, in the latter case we had to use somehow higher
drug/lipid molar ratios. This difference did not appear to be surprising because of the different
water phase (buffer) content in both studied systems. It seemed obvious that in liposome
suspensions which are more diluted than multilamellar DSC samples bigger drug/lipid molar
ratio is necessary so obtain the same amounts of drug incorporated into bilayer.

Specific changes of Laurdan spectral properties are induced by the different rate of dipolar
relaxation resulting from an alteration of access of water molecules to the fluorophore
surrounding [13, 15]. This property makes Laurdan an ideal tool to study the appearance of
phase separation in lipid systems. The course of the dependence of GP on the excitation
wavelength allows to find if the studied system is in gel, fluid phase or if different phases co-
exist [13, 21]. In brief, in gel phase GP does not depend on the excitation wavelength, in fluid
phase descending GP(A.x) dependence is observed while in the bilayers with co-existing
phases ascending GP(A.x) dependence should be observed. Recently the new parameter —
generalized polarization slope (GPS) was also proposed for quantitative description of phase
properties of lipid systems in which GP(A) dependence is linear [22]. Few years ago we used
Laurdan generalized polarization to monitor the influence of TFP on the phase behavior of
synthetic phosphatidylcholines: DPPC and DMPC [11]. In this work we observed that when
bilayers were in the gel state the addition of trifluoperazine induced phase separation. Since
domains easily appear in lipid/Chol/SM mixtures [3, 23, 24], in present work we also applied
Laurdan GP to find if phase separation occurs in mixtures containing low concentrations of
cholesterol and sphingomyelin. For the liposomes composed of DPPC with the addition of 5
mol% of Chol and/or SM we found that ascending and almost linear GP(A.x) dependence
exists exclusively when both: cholesterol and sphingomyelin were added to the phospholipids.

Simultaneously the GP values for this mixtures were generally smaller then for other 5 mol%
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mixtures. These results suggest that presence of 5 mol% cholesterol and sphingomyelin in
DPPC bilayers, at room temperature, induced appearance of domains and increased average
access of water molecules to the Laurdan fluorophore. For other 5 mol% mixtures GP was
independent on excitation wavelength, what meant that at room temperature no phase
separation occurred in these bilayers. Average GP values of these mixtures were in the range
between 0.5 and 0.6, the values which are typical for the gel state of lipid bilayer [13].

Ascending GP(A.x) dependencies were recorded for all mixtures containing DPPC and 10
mol% of Chol and/or SM. Presence of domains in DPPC [16] or DOPC [6] bilayers
containing 10 mol% of cholesterol was recorded also by other research groups. As it was
shown by Dietrich et al. [3] the eventual appearance and size of rafts depended on
temperature. In DOPC/Chol/SM mixtures they demonstrated that during heating from 22.8 °C
to 30.5 °C rafts first decreased their size and than disappeared. To elucidate the role of
temperature in the phase behavior of DPPC/Chol/SM mixtures, with or without addition of
phenothiazines, we performed GP(\.x) measurements at three temperatures. According to our
calorimetric data we have chosen 26.1 °C (well below main phase transition of any of used
mixtures), 40.9 °C (close to transition) and 55 °C (well above transition). With the exception
of the bilayers formed from pure DPPC, for all other mixtures at 26.1 °C we observed
ascending GP(A.x) dependencies. For samples containing also addition of phenothiazines
these dependencies were not linear. This non-linearity depended on the amounts of
cholesterol/sphingomyelin present in mixtures as well as on the type of phenothiazine
derivative added. The strongest effect was recorded in 10 mol% mixtures containing 100 uM
of trifluoperazine. Ascending and non-linear GP(Ae) dependencies were observed by
Parasassi et al. [25] in DLPC-DPPC mixtures containing 10 — 30 mol% of cholesterol

examined in temperatures in which both lipids were in liquid-crystalline state. The character
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of the non-linearity observed by Parasassi et al. [25] was similar to that recorded in present
work, but these authors have not commented on the possible reasons of this observation.

For the temperatures close and above the main phase transition the non-linear but partly
ascending GP(A¢) dependency was observed exclusively for mixtures with the addition of
TFP. In other mixtures no indication of phase separation was found, moreover at 55 °C the
descending GP(A.x) dependencies suggested that studied systems were in the fluid (liquid-
disordered) phase. This conclusion was supported by the fact that for all mixtures, when
increasing the temperature, we recorded also the subsequent decrease of average GP values —
an effect informing that studied systems, including the mixtures containing TFP, become
more fluid [13].

The most intriguing was the comparison of the GP(A.x) dependencies for TFP-containing 10
mol% DPPC/Chol/SM mixtures obtained at different temperatures. When the studied systems
were in gel (or gel-like ordered) phase the ascending GP(Aex) dependency was recorded, while
at much higher temperature (55 °C, liquid-crystalline phase) a biphasic (ascending-
descending) GP(A.x) dependency was observed. It seems possible that these effects could be
caused by overlapping of two separate mechanisms. First of them should be the TFP-induced
phase separation which produces ascending GP(Aex) dependency, which is observed in all
studied temperatures in DPPC/Chol/SM mixtures. The second one should be related to the
temperature-induced increase of membrane disorder, producing descending GP(Aey)
dependency in temperatures above the main phase transition. Such an explanation seems to be
valid also for observations made in mixtures composed of EYPC or POPC and
cholesterol/sphingomyelin (Fig. 5). Since biphasic GP(Aex) dependency was observed
exclusively when TFP was added to these mixtures we may conclude that only this drug is

able to induce a permanent phase separation in those systems.
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In this work we found that phase separation can be induced by phenothiazine derivatives
(CPZ, TDZ, TFP) in lipid mixtures containing low concentrations of cholesterol and
sphingomyelin. While CPZ and TDZ exerted such effect exclusively when lipid bilayer was
in the ordered gel phase, TFP induced phase separation also in bilayers in liquid disordered
phase. This finding, in our opinion, suggests that different lipid domains could be observed
under certain circumstances also in membranes which are not rich in cholesterol and
sphingomyelin. Furthermore presence of phenothiazines could influence the structure of lipid
rafts already present in cell membrane. This in turn can alter the activity of raft proteins and
should be at least partially responsible for different biological effects exerted by
phenothiazine derivatives — starting from the blocking of dopamine receptors up to

modulation of multidrug resistance-related transport proteins.
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Figure legends:

Fig. 1. Thermograms exemplifying the impact of composition on thermal behavior of studied
lipid mixtures. 1 — pure DPPC, 2 — DPPC + 5 mol% Chol + 5 mol% SM, 3 — DPPC + 5 mol%
Chol + 5 mol% SM + 2.5 mol% TFP, 4 — DPPC + 10 mol% Chol + 10 mol% SM + 2.5 mol%

TFP.

Fig. 2. The effect of phenothiazines on the dependence of Laurdan generalized polarization on
temperature in DPPC liposomes containing different amounts of cholesterol and
sphingomyelin. (A) — pure DPPC, (B) — DPPC + 5 mol% Chol + 5 mol% SM, (C) — DPPC +
10 mol% Chol + 10 mol% SM. In each panel: ¢ —pure DPPC or DPPC/Chol/SM mixture, o —
lipids + chlorpromazine, A — lipids + thioridazine, © — lipids + trifluoperazine. Concentration

of phenothiazine derivatives in samples was 100 uM.

Fig. 3. The dependence of Laurdan generalized polarization on the excitation wavelength —
GP(Aex) —1in DPPC liposomes containing 5 mol% (A) and 10 mol% (B) of cholesterol and/or
sphingomyelin. o — pure DPPC, o — DPPC/cholesterol, A — DPPC/sphingomyelin, ¢ —

DPPC/cholesterol/sphingomyelin. Measurements were performed at room temperature.

Fig. 4. The influence of phenothiazine drugs on the GP(As) dependence in DPPC liposomes
(upper row) containing 5 mol% (middle row) and 10 mol% (lower row) of sphingomyelin and
cholesterol. The experiments were performed in temperatures below (26.1 °C, left column),
close to (40.9 °C, middle column) and above (55 °C, right column) main transition
temperature of DPPC. In each panel: ¢ — pure DPPC or DPPC/Chol/SM mixture, o — lipids +
chlorpromazine, A — lipids + thioridazine, o — lipids + trifluoperazine. Concentration of

phenothiazine derivatives in samples was 100 uM.
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Fig. 5. The effect of phenothiazine drugs: CPZ (o), TDZ (A) and TFP (o) on the Laurdan
GP(Aex) dependence in EYPC (left column) and DOPC (right column) liposomes (upper row)
containing 5 mol% (middle row) and 10 mol% (lower row) of sphingomyelin and cholesterol.
In each panel ¢ represent control samples (liposomes without addition of drugs). Experiments
were performed at room temperature. Concentration of phenothiazine derivatives in samples

was 100 uM.

Table 1. The influence of trifluoperazine, thioridazine and chlorpromazine on the parameters
of main phase transition of DPPC mixed with cholesterol and sphingomyelin. Ty, — transition

temperature, AH — transition enthalpy, AT, — half-height width of the transition peak.

Phenothiazine  Cholesterol ~Sphingomyelin Tm AH ATy
derivative [mol%] [mol%] [°C] [kJ/mol] [°C]

[2.5 mol%]

None 0 0 41.5 36.5 0.6
5 5 40.0 18.1 1.1
10 10 39.6 14.1 1.6
Chlorpromazine 5 5 38.6 18.4 4.0
10 10 n.d. n.d. .nd.
Trifluoperazine 5 5 38.2 16.5 3.0
10 10 n.d. n.d. n.d.
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Thioridazine 5 5 40.2 13.6

10 10 n.d. n.d.

1.4

n.d.

n.d. — not determined due to the excessive broadening of transition peaks

N T
»«%

B W N -

23

30 35 40 45 50 39
Temperature [°C]

60

22



DPPC

Temperature [°C]

DPPC + 5mol% Chol + 5 mol% SM

Temperature [°C]

DPPC + 10mol% Chol + 10mol% SM

0.6

Temperature [°C]

23



GP

0.7 7 A

0.5 1

04 - /?‘H"O—‘O

0.3 1

0.2 -

0.1 1

0 T T T T
310 330 350 370 390

wavelength [nm]

GP

0.7 1 B

0.6

051 W

0.4 1

0.3
0.2 1

0.1 1

O T T T T
310 330 350 370 390

wavelength [nm]

24



[ELd P ]

mo3M ME 30 |G OBD 4 M
wrasbaingih ]

LFFG =2 mors Gl = 2ok 8N 100

- | e iy
— —— =,

amn 550 a4 A LEH o] &0
wxanianmih [nm]

DPFPG =10 s=cl® Gl + 10 ma™ BN (251700

L - 31
wawler g [nir]

LIFPG 400G

LIFPE {2 )

0z =
—_— o ——
ud
na :EAE__H_‘:Q\_\_\_‘:_MH awr e T W
e Ty
& oz P 0 — : e -
g 0z —_—— e —— T e e = 4 _"""'\-1__ . ~ D
a- " S e
e — e . v} ==
oL v -
i a5 EEH 2 H 550 0N
A1
wavelengih [nm) wirv i et nm]
[Fo S LA TR L1 BT R 1 L0+ g el Cred + 2 ml T &8 ()
A0 o
w e ,
i —t—— ) e afu g “ﬁq___\sa: IO a6
& oz i — e a— - e e i
= e RSP s~ S
a =t T
20 R -
XTI R R T B R T R L T R
Rl -
wavalrnqih [nm] wavelvngih [ns]
an - ARFC -1 mad% Chal # 10 mnals 5P ARET| - NPFC AN mal® Cha 4 10m i 54 8080
we -
e —
Wi o e - J-_-\_.___;_‘:"‘_}u__* HE: L el
—_——— — —— ’ S it
[ i L — - . - . ’
i —_— _— ¢ ,__.—-‘"""‘"_F N
a T 3 h T
e 232
dn o weo oAty W AW 3 s
it EF]
emvalengih [n=] wansmlangtn [nm]

25



(.25 - EYPC DOPC

013
0,20
010
B8 0 —
40 i i
W ] —
0.0 = — —-.«w-__w
B 006 1 & oo 2 s Te—ase a0
oo a.10 O~ -
0,05%| s
' R ] \"\,—
0,10 4 0,20 T
0,13 0,20
wavelength [nm] wavelength [nm]
EYPC + 5 mel's Chol + & mol® SM DOFC + 5 mol%: Ghol + 5 mol%: S
0,25 - A5
0,20 PRI
0.15 1 ans

R S .00 Eﬂ:
%D,DE 8 = _—__-ﬂ-‘_-"r_L"‘--_j\ 0, 310 3 -_.??' _\\"Elﬂ

0,00 c_—-\"/-—_.i;—('\._ -0,10 M
a0 J/W‘—-; 370 K o5 |

GP
=
[=]
M

0,10 - : P 0,21
5 0.25
wervalength [nm] wravelangth [am]
EYPC + 10 mel% Chel + 10 mol%: SM DOPC + 10 mol% Chol + 10 mol% SM
0.25 0,1%

0.20 O— e 0,10 e
. } LN
0,15 el m 0,08 T r——py

-U,0n

GP

& a.0s ,.v// )\\""—-.. 2
0,00 _-,/T . . ] 0,101 ' s

" o.00 W %

0,050 330 350 37 200 o8
- -0,20
0,15 025

wavelength [nm] weavelcngth [nmj




