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Abstract

The interaction of the antipsychotic drug trifluoperazine (TFP) with membranes was investigated in terms of lipid phase
perturbation. TFP partition coefficients (P) were measured by phase separation between octanol/water and model
membranes/water. The profile of P values at pH 7.4 was: microsomes (7172 £ 1229) > liposomes (1916 £ 341) > eryth-
rocyte ghosts (1380+429) > octanol (452+55). Hemolytic experiments showed a biphasic, protective (at lower
concentrations) and hemolytic effect above the CMC (42 uM at pH 7.4) of the phenothiazine. By applying classical
treatments for surface active compounds to the hemotytic curves, we could calculate P values in whole erythrocyte cells. The
preferential binding of uncharged to charged TFP in the membrane was discussed, since it results in a ionization constant
(pKapp) different from that observed in the aqueous phase (pK). The TFP ionization constant was decreased from 8.1 (in
water) to 7.62 in the presence of membranes and almost the same ratio of charged/uncharged TFP species is present at
physiologic pH. Taking into account the ApK, we calculated the average TFP partition coefficient between egg
phosphatidylcholine liposomes and water, at pH 7.4 (Paverage = 1432), which was well correlated with the measured one
(P =1916). Pyuerage is highly influenced by the uncharged TFP species and the real base/acid ratio under physiologic
conditions was discussed in terms of its possible role in the biological activity of TFP. © 1998 Elsevier Science B.V. All
rights reserved.
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1. Introduction phenothiazine derivative, is a widely used calmodulin
antagonist and one of the most effective antipsy-
Phenothiazines are known as neuroleptics and chotic agents [2].

antihistaminic agents [1]. Triftuoperazine (TFP), a

Abbreviations: CMC, critical micellar concentration; CPZ, chlorpromazine; Cs,, solute concentration for the onset of hemolysis; Cgy,
solute concentration for total lysis; EPC, egg phosphatidylcholine; EPR, electron paramagnetic resonance; P, partition coefficient; PC,
phosphatidyl choline; pXK, ionization constant in water; pK,pp ionization constant measured in water but in the presence of a membrane;
R, solute/lipid molar ratio; TFP, trifluoperazine; TFP+, charged form; TFP:, neutral form
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The interaction between phenothiazines and eryth-
rocyte membranes has been extensively studied. See-
man [3] described the biphasic effect of TFP on he-
molysis: at micromolar concentration, it protects
erythrocytes against hypotonic lysis, whereas at high-
er concentrations (> 0.1 mM) it produces hemolysis.
Another phenothiazine, chlorpromazine (CPZ), pro-
duces small holes in the membrane, suggesting a
colloid—osmotic lytic mechanism [4]. A sublytic
CPZ concentration also imposes an inward curvature
on red cell membranes [5], an effect that could be
attributed to the preferential partition of phenothia-
zines into the negatively charged cytoplasm leafiet
of the bilayer [6,7]. Suda et al. [8], using electron
paramagnetic resonance (EPR), observed that CPZ
produces an increase in the rotational motion of
stearic acid spin labels. In a similar way, previous
results from our laboratory [9] employing EPR
showed an increased erythrocyte membrane fluidity
upon TFP addition, accompanied by changes in the
lipid-protein interactions, as seen by fluorescence.
EPR studies on erythrocyte ghosts revealed that
CPZ binds preferentially to ghost proteins rather
than to lipids [10] and phenothiazines have been re-
ported to interact specifically with erythrocyte mem-
brane proteins, such as cytoskeleton protein 4.1 [11],
aminophospholipid flippase [12] and acetylcholines-
terase [13].

We have previously shown that TFP, an amphi-
philic molecule whose protonated species form mi-
celles, is able to protect erythrocytes against mechan-
ical hemolysis under isosmotic conditions [14] below
its critical micellar concentration (CMC). Here we
report further data about TFP-induced hemolysis.
Incubation of erythrocytes with TFP (above its
CMC) at pH 7.4 induces mixed micelle formation

containing both TFP and erythrocyte phospholipids.
The release of membrane lipids induces the collapse
of the membrane (unpublished data). We quantita-
tively studied TFP and erythrocyte membrane inter-
action, to determine the effective TFP/lipid ratio for
membrane activity (protection and lysis). Finally,
considering that hydrophobic differences between
charged and uncharged forms of TFP are determi-
nant factors in TFP membrane interaction and that
both forms are present at physiologic pH, we ana-
lyzed the contribution of each TFP species to isos-
motic hemolysis.

2. Materials and methods

TFP hydrochloride (MW 480.4) and egg phospha-
tidylcholine (EPC) were obtained from Sigma, St
Louis, MO.

2.1. Membrane preparation

Mouse liver microsomes were prepared as de-
scribed previously [14]. EPC multilamellar vesicles
were prepared by evaporating stock chloroform
EPC solutions under a stream of wet nitrogen. The
samples were left under vacuum for at least 2 h.
Vesicles were obtained by the addition of phos-
phate-buffered saline, PBS (5 mM phosphate, pH
7.4, 150 mM NacCl), and vortexing for 5 min.

2.2. Erythrocytes

Freshly obtained mouse blood was collected into
Alsiver’s solution (27 mM sodium citrate/72 mM
NaCl/114 mM glucose/2.6 mM citric acid) and
washed three times in PBS. Erythrocyte ghost mem-
branes were prepared as described by [15].

2.3. Protein determination

Total protein concentration was measured [16] us-
ing bovine serum albumin as a standard.

2.4. Phospholipid determination

Membrane phospholipid concentration was deter-
mined according to [17].
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2.5. Partition coefficient (P) determination by phase
separation

Membranes were prepared as described above and
kept in PBS. A known amount of TFP was incu-
bated with the membranes for 10 min at room tem-
perature. The drug concentration remaining in the
supernatant after centrifugation at 105000X g for
1 h was optically detected at 256 nm (gp =23 500,
[18]) against the respective control (membrane in
PBS). For red blood cells, we used ghosts rather
than whole erythrocytes because hemoglobin released
during the experiment overlapped the TFP optical
spectra, preventing the precise determination of
TFP in the supernatant. The amount of drug bound
to the lipid phase was obtained by subtracting the
supernatant concentration from the total drug con-
centration measured before phase mixing. The parti-
tion coefficient, P, was determined according to Eq. 1
[19]:

_ ()] Vm
1w (s)/ Vw

where: s denotes the solute (TFP), » is the number of
moles of solute, V'=volume and the subscripts m and
w refer to the membrane and aqueous phase, respec-
tively. For erythrocytes, ghosts and microsomes, the
apolar phase volume (V},) was calculated assuming a
lipid density of 1 g/ml [20,21]. For EPC multilamellar
vesicles, P was determined after four freeze-thawing
cycles, increasing the incubation time up to 30 min.

P (1)

2.6. Octanolliwater P determination

PBS and n-octanol solutions were pre-equilibrated
overnight; after TFP addition the mixture was vor-
texed for 5 min and incubated for 10 min before
centrifugation at 260X g for 5 min. P was optically
determined as described for the phase separation ex-
periments.

2.7. Hemolytic assay under hypotonic conditions

Erythrocytes (0.14% hematocrit) were incubated in
hypotonic PBS (5 mM sodium phosphate, pH 7.4,
66 mM NaCl) that induced 50% hemolysis. TFP in
the 1-125 uM range was added and the samples were
incubated for 10, 30 and 60 min. After centrifugation

at 260X g for 3 min, released hemoglobin was meas-
ured in the supernatant at 412 nm. Results are ex-
pressed on a relative absorbance (RA) scale ranging
from <1 (protection against) to >1 (hemolysis).
RA =1 indicates 50% hemolysis obtained for the
66 mM saline control. The data were analyzed with
the SAS statistical program [22]. PROC GLM pro-
grams were used for analysis of variance, with drug
concentration and incubation time set as independent
variables and RA as the variable answer. Means
were compared by Duncan’s multiple range test.
Each RA value represents the mean of 15 independ-
ent experiments.

2.8. Isotonic hemolytic assay

TFP (1-200 uM) was prepared in isotonic PBS
solution. Erythrocytes (hematocrits ranging from
0.04 to 0.14%) were added and the samples kept at
room temperature (22-25°C) for 10 min. before cen-
trifugation at 260 X g for 3 min. Hemoglobin released
into the supernatant was detected at 412 nm (for
lower hematocrits) and 540 nm (0.14% hematocrit).

The hemolytic effect, measured as percent relative
hemolysis (RH), was determined on the basis of re-
leased hemoglobin, according to the following for-
mula:

AS_Acl

RH=—"""——
An—Aa

(2)
where A is the absorbance, S the sample, cl the
mechanical hemolysis control (erythrocytes in PBS),
and c2 the 100% hemolysis (erythrocytes in water)
control.

2.9. Csa, Cyo1 and TFPIipid ratio (R.) calculation

Csat (solute concentration needed to start hemoly-
sis) and Cy (solute concentration for total lysis) [23—
25] were graphically obtained for each hematocrit
assayed. Plots of Cg, and Cy as a function of lipid
concentration allowed R. (solute/lipid molar ratio)
determination for initial (membrane saturation) and
total hemolysis (solubilization), respectively. R. was
obtained from the slope of the resulting straight
lines, as described in Eq. 3 [23-25]:

Dy = RJL+ 1/Kp(Re + 1)] (3)



S.V.P. Malheiros et al. | Biochimica et Biophysica Acta 1373 (1998) 332-340 335

According to these authors, there is a linear rela-
tionship between the total solute concentration (D)
producing the onset or completion of solubilization
and the lipid concentration (L) in the system. The p
intercept corresponds to the concentration of free
solute, Dy, equivalent to its CMC [23,26]. K
(M™1) describes the solute binding to membranes in
terms of equilibrium:
s+m=sm K= M

[s]{m]
where s represents the solute and sm the membrane-
associated species. Binding constants (Kj) and parti-
tion coefficients (P) are related through the partial
molar volume, V, of the lipid phase [27,28].

Ky = PV 4)

For erythrocytes, V was calculated as 0.658 I/mol,
the average molecular weight of phospholipids,
sphingolipids and cholesterol, according to the lipid
composition of erythrocyte membranes described in
[15].

2.10. Determination of CMC

CMC was determined with a K12 Kriiss tensiom-
eter. We measured the surface tension of TFP solu-
tions ranging from 0.1 to 100 uM at room temper-
ature using PBS buffer.

3. Results and discussion

Trifluoperazine, a rather soluble piperazine deriv-
ative (water solubility at pH 7.4 is 1 M according to
[18]), has an ionizable amine group with a pK of 8.1
[18] so that, as discussed further in this paper, both
charged (TFP+) and uncharged (TFP:) forms are
present at physiologic pH. TFP+ has a CMC of
42 uM (experimental data determined in PBS, pH

7.4), indicating that both monomer and aggregate
forms could be found in the concentration range em-
ployed here in the hemolytic experiments.

3.1. TFP partitioning between membranes and water

Table 1 shows TFP partition coeflicients (P) be-
tween membrane (microsomes, erythrocyte ghosts,
liposomes) and water and octanol/water systems.
We can see that TFP partition into the membranes
was higher than in the isotropic octanol phase and
depended on membrane composition, so that:
Pmic > Plip > Pghost.

The P value obtained here is of the same order
of magnitude as that found for TFP partition be-
tween hexane/water (PBS, pH 7.4)=193 [29]. Abso-
lute P values determined between organic phases (oc-
tanol) and water were lower than P values between
membranes and water (Table 1) as also reported by
other authors [29,30], revealing that P values be-
tween organic solvents and water are to be used care-
fully since they provide only poor estimates of the
relative magnitude of the partition coefficients of the
drugs in biomembranes [21,31-33].

The stronger binding of TFP to microsomes may
reflect some TFP protein interaction, as the protein
content of liver microsomes is higher (ca. 70% of the
total membrane weight, [34]) than that of ghost
membranes (55%, [35]). Besides, if we consider the
fluidity of the ghost membranes we realize that the
high cholesterol content (30%) of erythrocyte mem-
branes [36] and the cytoskeleton [9] imposes a rigidity
that could restrict TFP partition into them, explain-
ing the rather small P& value. In fact P#host was
slightly lower than P, an unexpected result since
liposomes lack proteins. It seems that the reduced
hydrocarbon chain dynamics [36] and increased bi-
layer bending [37] triggered by cholesterol, added to
cytoskeleton rigidity, compensate for any TFP/pro-
tein interaction in ghosts.

Table 1

Partition coefficients? for TFP between microsomes (P™°), erythrocyte ghosts (P£°s), liposomes (PUP) octanol (P°') and water (5 mM
PBS, pH 7.4)

Pmic Pghost Plip b poct

7172+ 1229 1380 £429 1916 + 341 452+ 55

4Fach P value represents the mean * S.E. of nine experiments. Incubation time = 10 min at room temperature.
PFor P we used four freeze-thawing cycles, increasing the incubation time to nearly 30 min.
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Fig. 1. TFP protection under hypotonic conditions. Hematocrit
=0.14% in hypotonic (66 mM NaCl) PBS, pH 7.4. Incubation
time: 10 min at room temperature.

3.2. Studies on TFP induced hemolysis and TFPllipid
ratio determination

Phenothiazine stabilizes erythrocytes against hypo-
tonic hemolysis at low concentration [3,37]. The bi-
phasic TFP hemolytic curve under hypotonic condi-
tions can be seen in Fig. 1, which shows that TFP at
concentrations up to 17 uM protects erythrocytes
(H;=0.14%) against hypotonic lysis, while at higher
concentrations its action on membranes is lytic (up-
ward curve). The maximal protective concentration
of TFP occurs in the 10-17 uM range, i.e. with TFP
in its monomer form. The data obtained are in agree-
ment with [3] who reported a maximal TFP protec-
tive concentration of 10 uM at pH 7.0, with a 0.2%
hematocrit. Using the maximal protection average
concentration we calculated the protective TFP/lipid
ratio (RP™') presented in Table 2.

Expertments like that illustrated in Fig. 1 (10 min

Table 2
Effective drug/lipid molar ratios and related parameters in the
protection and lysis of erythrocytes by trifluoperazine

RPt 2 0.16
R 0.43
R 1.45
D, (M) 59

Ky M) 4783

4Determined under hyposmotic conditions (Fig. 1).
bTaken from the saturation curve (Fig. 3).
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Fig. 2. TFP-induced isotonic hemolysis. Hematocrit=0.14% in
isotonic PBS. Incubation time: 10 min at room temperature.
Csar and Gy (see text) determination are shown.

incubation) were also performed with TFP pre-incu-
bated for 30 and 60 min. The results obtained (data
not shown) presented non-significant differences by
the Duncan test, indicating that TFP equilibrium be-
tween the aqueous phase and the erythrocyte mem-
brane was reached in less than 10 min.

Fig. 2 shows the hemolytic effect of TFP on eryth-
rocytes under isotonic condition. No lytic effect was
observed below 75 uM; up to this concentration the
membrane incorporates TFP without losing its integ-
rity. Beyond 75 uM, lysis increased quickly with TFP
concentration due to the co-operative effect of the
lipid bilayer. Membrane disruption occurs as lipids
are released to the forming mixed-micelles.

We used hemolytic curves to obtain Cse and Cgg
values, i.e. TFP concentration for the onset and com-
plete solubilization of erythrocyte membranes (Fig.
2). In Fig. 3, we plotted these values as a function
of lipid concentration (experiments ranging from
0.15 to 1.5% hematocrit) to obtain the straight lines
predicted by Eq. 3. The corresponding TFP to lipid
molar ratio, R., (Table 2) was readily calculated
from the saturation and solubilization lines in Fig. 3.

Theoretically [23], both straight lines in Fig. 3
should intercept the y axis at D, the free TFP con-
centration in water corresponding to the CMC of the
amphiphilic molecule in the presence of membranes.
The D, values obtained (59 and 94 uM) closely re-
semble the CMC determined for TFP in water
(42 uM at pH 7.4). Differences may be due to exper-
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Fig. 3. Effective TFP/lipid molar ratio for membrane saturation
and solubilization. Cg, (@) and Cy, (a) are plotted as a func-
tion of erythrocyte lipid concentration. R. values are taken
from the slope of the straight lines.

imental errors, since the CMC value is very small, in
the 107> M range.

This colloidal behavior of TFP to form micelles
classifies it as a surface active compound [38]. Its
CMC is lower than that of surfactants such as Triton
X-100 (3.7x10™* M), SDS (8.3x1073 M) or
CHAPS (3.5%x1073 M) [39,40], an indication of the
high degree of intermolecular TFP hydrophobic in-
teractions. In fact, TFP is among the most hydro-
phobic phenothiazines [29], as also shown in the
present study by the very low concentration of
TFP monomers in the water phase (small Dy) at
pH 7.4.

Table 2 presents several parameters derived from
the biphasic hemolytic experiments. At low TFP con-
centrations and under hyposmotic conditions a max-
imum protective effect was observed at 0.16:1 TFP/
lipid molar ratio (RP', determined from Fig. 1).
Under isotonic conditions, R showed that a ratio
of 0.43:1 TFP/lipid is necessary to reach membrane
saturation. Higher ratios produced hemolysis, until
complete membrane solubilization at ca. 1.5:1 TFP/
lipid molar ratio (R®'). Hemolytic phenomena is
then a consequence of the erythrocyte membrane
phospholipids migration to the hydrophobic micelle
environment. Effective detergent/lipid ratios for
phospholipid leakage calculated for many other sur-
face active drugs are in agreement with the values
observed for TFP. For example, egg phosphatidyl-

choline bilayers are able to incorporate Triton X-100
up to 0.71:1 detergent/lipid molar ratios; above 3:1
molar ratios all phospholipid is converted into mixed
micelles [24,41]. In phosphatidylcholine vesicles, pal-
mitoylcarnitine reaches membrane saturation and
solubilization at 0.8:1 and 2:1 molar ratios, respec-
tively [25].

Assuming ideal mixing of lipid and TFP in dilute
aqueous media [26], the binding constant (Kp) for
TFP distribution between bilayer and water could
be obtained from the saturation straight line in Fig.
3, according to Eq. 5 [23,26]:

R = KyDy/(1—Ky-Dy,) (3)

The Ky, value obtained for TFP between erythro-
cytes/water was 4.8 X 10° M~! (Table 2) and, accord-
ing to Eq. 4, it corresponds to a partition coefficient
of 7268. Even considering the different methodolo-
gies employed and the well known variability in P
values, this rather high partition, comparable to P™¢
(Table 1), cannot be completely explained. It reflects,
besides TFP hydrophobicity, some non-specific pro-
tein binding as, in fact, TFP specifically interacts
with erythrocyte membrane proteins [11-13] and
with hemoglobin [9], protecting the latter against
H>0;_induced oxidation.

Using this partition coefficient, we can go back to
R and R values in order to determine the real
TFP/lipid molar ratio inside the membrane. For a
H,=0.15% (7.9 ug/mi lipid) just 5.4% of the TFP
would be partitioned in the bilayer (Eq. 1) and the
molar ratio for saturation and solubilization would
be 2:100 and 8:100 TFP/lipid, respectively. This
rather small ratio indicates that hemolysis is not in-
duced by real saturation of the membrane, but is a
complex response for both TFP partition into the
membrane (Csy, Cso increase according to mem-
brane concentration, Fig. 3), and aggregation (mi-
celle formation). In this case TFP micellar aggrega-
tion could play a synergistic effect on the drug-
membrane interaction, explaining the high partition
coeflicient assigned from Fig. 3.

3.3. Further investigation of the real TFP
chargedluncharged ratios for the hemolytic effect
at physiological pH

In a previous study, we reviewed the effect of dif-
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Table 3

Partition coefficients for charged and uncharged TFP species
and ionization constant in water (pK); calculations of ioniza-
tion constant in the presence of membrane (pK,pp) and average
partition coefficient at pH 7.4 (Payerage)* according to pKapp

PP pKd PKapp © P average
TFP+P TFP:¢
812 2463 8.1 7.62 1432

2Calculated by the Henderson-Hasselbalch equation, but using
pKapp (real ionization constant under the assay condition) in-
stead of pK (see text).

"Determined in 20 mM acetate buffer, pH 5.0.

‘Determined with 20 mM carbonate buffer, at pH 10.5.
dAccording to [18].

¢Calculated as in Eq. 6 for a hematocrit = 0.15%.

ferent partitioning of ionizable local anesthetics at
their ionization constant [28]. It was shown that
whenever the binding of charged/uncharged forms
is different it will imply a pK shift of the partitioning
compound. Tetracaine, for example, has its ioniza-
tion constant down-shifted from 8.5 to 7.0 in the
presence of egg PC multilamellar vesicles {42].

TFP shows quite different P values for its charged/
uncharged forms (Table 3), the neutral form binding
more strongly (P?: = 2463) than the protonated, less
hydrophobic species (PP+ =812). According to the
formalism described by [43], we calculated pK,,, the
apparent ionization constant in the presence of mem-
branes, from:

PKapp = pK—10g[(P- Vi + Vi) /(P Vi + V)]
(6)

pKapp was found to be 7.62 for TFP in the pres-
ence of 12 uM lipids (0.15% hematocrit, Table 3),
revealing a down-shift of ca. 0.5 pH units in the
presence of membranes. At higher phospholipid con-
centrations, calculated pKj,, was the same.

Using pK,pp in the Henderson-Hasselbalch equa-
tion (Eq. 7), one can see that the neutral (TFP:) to
charged (TFP+) molar ratio at pH 7.4 is 1:1.5, in-
stead of 1:4 as it would be expected if the pK shift
was neglected. As a consequence, there is no predom-
inant form of TFP in the hemolytic experiments de-
scribed before (pH 7.4).

pH = pK + log|base]/[acid] (7

An average partition coefficient can be calculated
as shown by Eq. 8, taking into account the real
TFP:/TFP+ ratio at pH 7.4 (using pK,,, values).
We call this Payerage (after Lee and Schreier [43], see
below).

Py +(P-Z)
1+Z

where Z is the [base]/[acid] molar ratio at pH 7.4.

In fact, Lee and Schreier [43] described a similar
equation for the calculation of Pjyerage that also con-
sider the differences in pK and pK,,,. We prefer to
use Eq. 8 because it permits fast comparison of
Piverage, corrected or not, by changing the values of
the [base]/[acid] ratio for pK,p, and pK, respectively.
The calculated values of Payerage Obtained from the
partition coefficients of the charged and uncharged
TFP forms (measured at pH 5.0 and 10.0, respec-
tively) between liposomes and water are listed in Ta-
ble 3.

For TFP in multilamellar liposomes, the expected
P value without considering ApK, would be 1086.
Payerage 18 1432, reflecting the contribution of the un-
charged and charged forms of TFP to its partition at
pH 7.4, and is in good correlation with the experi-
mental value (P =1916, Table 1).

Payerage indicates that partitioning is higher than
one would expect by ignoring the pK shift, so that
hydrophobic membrane interaction is important for
the hemolytic effect of trifluoperazine. These results
explain the direct correlation between the hydropho-
bicity and biologic effects of phenothiazine com-
pounds [3,7,29,44].

(8)

P average —

4. Conclusion

This work quantitatively describes the biphasic
(protectivefinductive) effect of TFP on mouse eryth-
rocyte hemolysis. TFP protective effect seems to be
related to its monomer insertion into the membrane,
which occurs quickly at concentrations below those
for membrane saturation (0.43:1, TFP/lipid molar
ratios).

Above CMC, trifluoperazine solubilizes mem-
branes. The results described should be of help in
the understanding of the molecular mechanisms of
hemolysis, because TFP acts as a surfactant on the
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membrane system. Applying classical treatments for
the interaction of surface active compounds with lip-
id vesicles [23] to the hemolytic curves it was possible
to calculate TFP/lipid molar ratios for the onset of
hemolysis (R$*') and for complete membrane solubi-
lization (R!). This approach seems to be quite ad-
equate for the system as R, values keep a good cor-
relation with those determined for other surfactant
molecules, and it also permitted the calculation of P
values from the hemolytic curves, i.e. between whole
erythrocytes and water.

Using the calculated partition coefficient, we deter-
mined rather small TFP/lipid molar ratios inside the
membrane for saturation and solubilization what in-
dicates that hemolysis is not induced by real mem-
brane saturation, but also by TFP micelle formation
that occurs in the concentration range used in the
hemolytic experiments.

The amount of charged and uncharged TFP spe-
cies in the hemolytic experiments was also analyzed
taking into account the differences between TFP+
and TFP: binding to membranes and its effect on
the real ionization constant, pKapp [28,42]. Paverages
the mean partition coefficient at pH 7.4 was esti-
mated and presented a good agreement with the
data obtained. Pjyerage Teceives an important contri-
bution of TFP:, the uncharged species that is present
in almost the same proportion as TFP+ at pH 7.4,
and which stronger binding is committed to the real
membrane saturation.

Acknowledgements

This work was supported by CNPq (Grant
520539-8) and CAPES. S.V.P.M. is the recipient of
a fellowship from FAPESP (Grant 96/08048-5).

References

[1} P.P. Kelder, N.J. de Mol, M.J.E. Fischer, L.H.M. Janssen,
Biochim. Biophys. Acta 1025 (1994) 230-238.

[2] R.S. Pereira, A.F.P. Bertocci, A.E. Vercesi, Biochem. Phar-
macol. 41 (1992) 1-7.

[3] P. Seeman, Biochem. Pharmacol. 15 (1966) 1753-1766.

[4] M.R. Lieber, Y. Lange, R.S. Weinstein, T.L. Stick, J. Biol.
Chem. 259 (1984) 9225-9234.

[5] B. Deuticke, Biochim. Biophys. Acta 163 (1968) 494-500.

[6] M.P. Sheetz, S.J. Singer, Proc. Natl. Acad. Sci. USA 71
(1974) 4457-5561.
[7]1 H. Aki, M. Yamamoto, Biochem. Pharmacol. 41 (1991) 133~
138.
[8] T. Suda, D. Shimizu, N. Maeda, T. Shiga, Biochem. Phar-
macol. 30 (1981) 2057-2064.
[91 A.C. Ruggiero, Ph.D thesis, Departamento de Bioquimica,
Instituto de Biologia, UNICAMP, 1994,
[10] T. Yamaguchi, S. Watanabe, E. Kimoto, Biochim. Biophys.
Acta 820 (1985) 157-164.
{11] M. Minetti, A.M.N. Di Stasi, Biochemistry 26 (1987) 8133-
8137.
[12] J. Rosso, A. Zachowski, P.F. Devaux, Biochim. Biophys.
Acta 942 (1988) 271-279.
[13] A. Spinedi, L. Pacini, C. Limatola, P. Luly, R.N. Farias,
Biochem. Pharmacol. 44 (1992) 1511-1514.
[14] N.C. Meirelles, S.V.P. Malheiros, A.C. Ruggiero, I.A. Deg-
terev, Eur. J. Drug Met. Pharmacokinet. 19 (1994) 349-357.
[15] 1.T. Dodge, C. Mitchell, D.J. Hanahan, Arch. Biochem. Bio-
phys. 100 (1963) 131-139.
[16]) O.H. Lowry, N.J. Rosebrough, S. Farrah, R.J. Randall,
J. Biol. Chem. 193 (1951) 265-275.
[17] G. Rouser, S. Fleicher, A. Yamamoto, Lipids 5 (1970) 494
496.
[18] A.C. Moffat, in: Clarke’s Isolation and Identification of
drugs, 2nd edn., Pharmac. Press, London, 1986, p. 1044.
[19] Y. Katz, J.M. Diamond, J. Membr. Biol. 17 (1974) 69-86.
[20] N.P. Franks, W.R. Lieb, Nature 292 (1981) 248-251.
[21] E. Lissi, M.L. Bianconi, A.T. Amaral, E. de Paula, L.E.B.
Blanch, S. Schreier, Biochim. Biophys. Acta 1021 (1990) 46—
50.
[22] SAS Institute, S.A.S. Users Guide: Statistics, 6th edn., Cary,
North Carolina, 1987.
[23] D. Lichtenberg, Biochim. Biophys. Acta 821 (1985) 470-478.
[24] M.A. Partearroyo, M.A. Urbaneja, F.M. Goii, FEBS Lett.
302 (1992) 138-140.
[25] M.A. Requero, F.M. Goiii, A. Alonso, Biochemistry 34
(1995) 10400-10405.
[26] D. Lichtenberg, in: M. Shinitzki (Ed.), Biomembranes. Phys-
ical Aspects, Weinheim, 1993, pp. 63-95.
[27} M.L. Bianconi, S. Schreier, J. Phys. Chem. 95 (1991) 2483-
2487.
[28] E. de Paula, S. Schreier, Braz. J. Med. Biol. Res. 29 (1996)
877-894.
[29] PJ. Marroum, S.H. Curry, J. Pharm. Pharmacol. 45 (1993)
39-42.
[30] S. Roth, P. Seeman, Biochim. Biophys. Acta 255 (1972) 207~
219.
[31] K. Korten, K.W. Miller, Can. J. Physiol. Pharmacol. 57
(1979) 325-328.
[32] F.A.P.C. Gobas, J.M. Lahittete, G. Garofalo, W.Y. Shiu, D.
Mackay, J. Pharm. Sci. 77 (1988) 265-272.
{33} L.R. DeYoung, K.A. Dill, Biochemistry 27 (1988) 5281—
5289.
[34] H.J. Hird, E.J.T. Mclean, H.N. Munro, Biochim. Biophys.
Acta 87 (1964) 219-231,



340 S.V.P. Malheiros et al. | Biochimica et Biophysica Acta 1373 (1998) 332-340

[35] R.C. Warren, Physics and Architecture of Cell Membranes,
Adam-Hilger, Bristol, 1987, pp. 1-26.

[36] M.R. Vist, J.H. Davis, Biochemistry 29 (1990) 451-464.

[371 H.P. Duwe, E. Sackmann, Phys. Acta 163 (1990) 410-428.

[38] T. Ogiso, M. Iwaki, M. Kimori, C. Tsukawaki, Chem.
Pharm. Bull. 34 (1986) 4301-4307.

[39] D. Attwood, A.T. Florence, in: Surfactant Systems, Their
Chemistry, Pharmacy and Biology, 2nd. edn, Chapman and
Hall, New York, 1983, pp. 124-185.

[40] M.A. Requero, F.M. Goiii, A. Alonso, J. Colloid Interface
Sci. 161 (1993) 343-346.

[41] E.A. Dennis, Arch. Biochem. Biophys. 165 (1974) 764-
773.

[42] S. Schreier, W.A. Frezzatti Jr., P.S. Araujo, H. Chaimovich,
I.M. Cuccovia, Biochim. Biophys. Acta 769 (1984) 231-
237.

[43] A.G. Lee, S. Schreier, in: G. Gregoriades (Ed.), Liposome
Technology, Vol. II, Entrapment of Drugs and Other Mate-
rials, CRC Press, Boca Raton, FL, 1993, pp. 1-25.

[44] Y. Kanaho, T. Sato, T. Fujii, Mol. Pharmacol. 20 (1981)
704-708.



