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Abstract—Fatty acid spin labels have been included into erythrocyte ghosts and synaptic plasma mem-
branes in order to study the interaction of phenothiazine derivatives (particularly chlorpromazine—
CPZ) with these membranes. The following results have been obtained. (1) Weak modifications of
the spin label spectroscopic response are observed only on the label of the polar part of the membrane

and with CPZ concentrations higher than § x 107%

M. (2) Under ultraviolet irradiation (4 = 310 nm)

phenothiazine derivatives reduce fatty acids spin labels. Measurements of the reduction kinetic constants
of two different types of spin labels give information about the location of the drugs inside the mem-
branes. The photochemical interaction is influenced by the membrane proteins. These results suggest
that, in the pharmacologically active concentration range, chlorpromazine seems to localize at the
interface between the phospholipids and the proteins of the membranes.

In a recent communication [1] we have reported a
photochemical method for studying the interaction of
phenothiazine derivatives with lecithin multibilayers.
The principal thought underlying this method is that
under u.v. irradiation, phenothiazine derivatives are
oxidized with the formation of free radicals [2] which
reduce nitroxide derivatives. When these nitroxide
free radicals are incorporated as spin labels inside
lipidic structures such as lecithin layers or natural
membranes, the measurement of their paramagnetic
signal decay kinetics under irradiation in the presence
of phenothiazines gives information about phenothia-
zine location inside the membranes.

In this report, we present the first results obtained
with this method in the study of the interaction of
phenothiazine derivatives with natural membranes
(erythrocytes ghosts and rat brain synaptic mem-
branes). These photochemical results, together with
the direct spectroscopic responses given by the spin
labels, seems to indicate a preferential location of
chlorpromazine at the interface between the phospho-
lipids and the proteins of the membranes.

MATERIALS AND METHODS
(1) Membrane preparation

(a) Erythrocyte ghosts. Recently out-dated human
blood was used for the ghost preparation. After wash-
ing the red blood cells with 0.17 M NaCl, they were
hemolyzed in 5mM phosphate buffer (pH 7.5-1 mM
EDTA) according to Dodge et al. [3]. These mem-
branes will be called, “PO, ghosts”. Other red blood
cells were hemolyzed in 10 mM Tris-HCI (pH 74,
1 mM MgCl,) according to Radda and Smith [4].
These ghosts will be called “Tris Mg?* ghosts”. Mem-
brane protein concentration [5] was 5 mg/ml.

(b) Synaptic membranes. Rat brain synaptic plasma
membranes were prepared by the method of Morgan
et al.[6]. They are free of myelin and of glial cell
membranes [7]. The preparation was controlled by

measurement of acetylcholinesterase [8] and lactic de-
hydrogenase [9] activities and by electron micro-
scopy.

(2) Spin labelling of membranes

Nitroxide fatty acids were purchased from SYVA
Corp,, Palo Alto and were used without further purifi-
cation. Spin label I was 2-(3-carboxypropyl)-2-tride-
cyl-4,4-dimethyl-3-oxazolidinyloxyl and spin label 11
was 2-(10-carboxydecyl)-2-ethyl-4,4-dimethyl-3-oxazo-
lidinyloxyl. Formulas of these compounds are given
in Fig. 2. Stock solutions of the spin labels were pre-
pared in ethanol (2 x 10~ 3 M). These solutions were
added to the membrane preparation in order to
obtain a final concentration of 24 x 1073 M (1-2%
in ethanol).

No free spin label was observable on the spectra
recorded with erythrocyte ghosts. In the case of
synaptic plasma membranes, excess spin label was
removed by centrifugation (100,000 g 1 hr), and resus-
pension of the pellet in 100 ul of incubation medium.

(3) Irradiation of the samples and recording of the spec-
tra

E.S.R. spectra were recorded with a Varian E 3
spectrometer, in aqueous quartz cells, at room tem-
perature. Irradiation of the samples was performed
inside the spectrometer cavity, as previously de-
scribed [1] (HBO 200 W high-pressure mercury lamp,
interferential filter centered at 310 nm).

Spin labelled membranes were incubated for 15 min
at room temperature in phenothiazine solutions of
concentrations ranging from 3 x 1077 to 107*M.
Membranes were centrifuged (18,000 g, 20 min) and
the pellet was introduced into the quartz cell. After
recording the spectrum, the decay of the central line
was recorded during u.v. irradiation. Kinetic con-
stants (k:min~') were calculated by measuring the
slopes of the lines obtained by plotting log I/I, as
a function of time, where I is the signal intensity at
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Fig. 1. Absorption spectra of the supernatants obtained

after membrane centrifugation. : “Tris Mg?*” ghosts

without CPZ. ——: “Tris Mg2*” ghosts after incubation

with 3 x 107°M CPZ. ———— : Spectrum of a 107°M
CPZ solution in Tris Mg2™* buffer.

time ¢ and I, the signal intensity before irradiation.
These plots gave straight lines showing first-order
kinetics.

(4) Measurement of the membrane-bound concen-
trations of phenothiazines

After incubation with membranes and centrifuga-
tion, free phenothiazine concentrations in the super-
natant were measured spectrophotometrically
(Aminco DW 2). These spectra show the presence of
proteins and traces of hemoglobin (277 and 345 nm).
The chlorpromazine (CPZ) absorption spectrum
shows maxima at 258 and 308 nm and a trough at
277 nm with a very low extinction coefficient (Fig.
1). CPZ concentration in the presence of proteins was
evaluated as follows: the absorption ratio between
257 and 277 nm was measured for supernatant solu-
tions of samples incubated without CPZ. This ratio
was used for calculation of the protein absorbance
at 257nm in the presence of CPZ. The difference
between the observed and calculated values was taken
as due to the presence of CPZ. Its concentration was
obtained using molar extinction coefficients deter-
mined in parallel experiments with pure CPZ in phos-

CH3(CH2),2‘/C((COH2)3COOH

Spin labe! I

CH,CH—C.—(CH ), COOH

" N0
10 gauss []
Spin label I

Fig. 2. ES.R. spectra of synaptic plasma membranes

labelled with nitroxide derivatives of stearic acids I and

1T (modulation amplitude 1 g, incident power 10 mW, time
constant 1 sec, scanning rate 12.5 g/min).
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phate (¢ = 33,000lmole™'ecm™') and Tris-HCl

(e = 31,500 1mole ™! cm ™) buffers.

RESULTS

1. Effect of phenothiazines on spin-labeled membranes,
without irradiation

Figure 2 shows the spectra obtained with spin-
labels I and II in synaptic plasma membranes. Quali-
tatively analogous spectra were obtained with eryth-
rocyte ghosts, and they are identical with those pre-
viously published [10, 11].

We have measured the order paramater according
to Seelig [12] and McConnell [13]. We have found
S = 0.75 and 0.71 for erythrocyte ghosts and synaptic
membranes respectively. These values are not modi-
fied after incubation in the presence of CPZ or pro-
methazine (PMZ) in the range of concentrations stud-
ied (107*M maximum). A slight but significant in-
crease was observed with 5 x 10°*M CPZ in synap-

“tic membranes at 35°, however, (S =0.580+ 0.15

without CPZ and S = 0.620 + 0.20 in the presence
of 5 x 107*M CPZ)[14].

Rotational correlation times of spin label II, eva-
luated according to Henry and Keith [15], were 2.25
and 1.9 nsec for erythrocyte ghosts and synaptic mem-
branes at 22°C. These values were not modified by
the presence of phenothiazine derivatives, even at
high concentrations.

‘I1. Spin label signal decay kinetics under u.v. irradia-

tion

(1) Photosensitivity of the spin labels in solution.
(a) Photosensitivity of the spin labels alone. Spin labels
I and IT were dissolved at 2 x 107> M in methanol-
water (40/50 v/v). Under irradiation at 310 nm, no
variation of their signal amplitude was observed for
8 min. When using a filter absorbing wavelengths
below 260 nm in place of the interferential filter, a
slow photoreduction was observed: k = 0.11 min~?!
for both labels.

(b) Photosensitivity of the labels in the presence of
chlorpromazine. Experiments were performed in the
same solvent as above but with CPZ added at
5 x 1073 M. Under irradiation (310 nm) we observe
a decay of the spin label signals. The kinetic constants

'(0.09 min~!) were identical for both labels. With pro-

methazine, the kinetic constants were also identical
for both labels, but they were higher (0.25min™")
than with CPZ.

(¢) Photosensitivity of the labels in the presence of
tryptophan. In the presence of 5 x 107°M trypto-
phan in place of CPZ, the spin labels are rapidly
destroyed by u.v. irradiation (4 > 260nm) (kgy =
3.1min" ).

(2) Photosensitivity of the 'spin labels included inside
membranes. (a) In the absence of phenothiazine deriva-
tives. During irradiation at 310 nm, the amplitude of
the signal of spin labels included in membranes de-
creases slowly. The kinetic constants depend on the
spin label and on the mode of preparation of the
membrane. The results are summarized in Table 1.

In the case of “PO,” ghosts, the photoreduction
kinetic parameter of spin label I decreases rapidly as
a function of the number of washes in phosphate
buffer. The spin label II decay parameter is always
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Table 1. Variation of the kinetic constants of spin label reduction, in absence of CPZ, as a function of the type
and the mode of preparation of membranes

Synaptic
Type of membrane Erythrocyte ghosts membranes
Tris Mg?*
Low ionic strength washed in
Mode of preparation PO, EDTA Tris Mg?* PO, PO, EDTA
No. of washing 1 2 3 5 5 5
Decay kinetic
constants of (min~?)
Spin label 1 0.200 0120 0.050 0.045 0.130 0.072 0.035
Spin label II 0.065 0032 0034 0034 0.084 0.034 0.025

lower and is less sensitive to the effects of washing.
In the case of “Tris Mg®*™ ghosts, the kinetic con-
stants of both labels are higher than with “PO,”
ghosts. Washing of Tris Mg?* membrane with low
ionic strength phosphate buffer diminishes the speed
of reduction of both labels.

(b) In the presence of phenothiazine derivatives. The
results vary with the type of membrane and with their
mode of preparation.

“Tris Mg®>*” ghosts show important difference
between the kinetics of both labels. With spin label
I, and at a low CPZ concentration, we observe a
moderate but significant decrease of the kinetics. For
CPZ concentrations higher than 6 x 107 M, the kin-
etic constants increase markedly and reach 1.4 min !

xlx
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Fig. 3. Relative variation of the kinetic constants for spin

label reduction as a function of chlorpromazine or pro-

methazine concentration in the case of “Tris Mg?*” eryth-

rocyte ghosts. For an explanation of k/k,, see text. A CPZ,

spin label I, ® CPZ, spin label II, A PMZ, spin label
I, © PMZ, spin label II.

at 10”* M. With spin label II, the kinetic constants
are not modified for concentrations lower than
3 x 107 M, but they increase abruptly and reach the
value obtained with spin label 1 at 107*M CPZ. In
the presence of promethazine, the variations of the
kinetic constants are identical for both labels.

These results are shown in Fig. 3. We have plotted
the ratio k/k, as a function of phenothiazine concen-
tration, where k is the kinetic constant in the presence
of drug and k, is the kinetic constant in its absence.
This mode of representation permits a better com-
parison of the results obtained with both kinds of
labels since the kinetic values of the controls are not
the same.

With “PO,” ghosts, no significative difference are
observed between the decay kinetics of both labels.
However, the measured values vary strongly as a
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Fig. 4. Relative variation of the kinetic constants of spin
label reduction, in the case of “PO,” ghosts, as a function
of the number of washes and of CPZ concentration. After
the third wash, in the presence of 10°* M CPZ, the meas-
ured kinetic constants are very high. The k/k, values are
respectively 38 with spin label I, and 40 with spin label II.

Number of washes Spin label I Spin label 1T
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Fig. 5. Relative variation of the reduction kinetic constants

of lipidic spin label, as a function of CPZ concentration,

in the case of synaptic plasma membranes. @: spin label
I, O: spin label IL

function of drug concentration and of the number
of washes. Results are shown in Fig. 4. With spin
label I, we also observe a decrease of the reduction
kinetic parameter at low CPZ concentrations with
membranes washed one or two times. With thrice-
washed membranes, the kinetic constant is strongly
increased and reaches 2.3 min~!. With label I, the
parameter is not modified at 10~ M, but is identical
with those of spin label I at higher concentrations.

The low yield in the preparation of synaptic mem-
branes did not permit us to perform as many exper-
iments as with erythrocytes ghosts. The results are
shown in Fig. 5. The effects are observed at lower
concentrations than with erythrocyte ghosts since an
increase in the reduction kinetics is observed in the
presence of 107°M CPZ with spin label L At low
CPZ concentrations, spin label I is more rapidly
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reduced than spin label II. The kinetic constants are
identical at 2 x 107> M and higher concentrations.

IIL. Affinity of the membrane for the drug

The spectroscopic determination of CPZ in the
supernatant of centrifuged spin-labelled membranes
permitted us to evaluate the number of CPZ mol-
ecules bound per mg of membrane protein and the
apparent CPZ dissociation constant. This determina-
tion was performed by the classical Scatchard’s
method. Results are given in Table 2. “PO,” ghosts
have a high number of binding sites with moderate
affinity. With “Tris Mg>*”, two types of sites are
observed. The first are not abundant but show a high
affinity, whereas the second are ten times more
numerous and have affinity for CPZ fifty times lower.
Two types of sites are also observed with synaptic
plasma membranes.

The binding of CPZ decreases with the number of
washes of “PQ,” ghosts, as can be seen in Table 3
when the CPZ concentrations measured in the super-
natant are given as a function of the number of
washes.

DISCUSSION
1. Effect of CPZ on the spin label spectra

The location of nitroxide stearic acid spin labels
inside the lipidic structure seems to be well estab-
lished by numerous works [16]. Spin label 1 explores
the polar part of the lipidic structure, whereas spin
label 1T is sensitive to modifications in the environ-
ment of the membrane hydrophobic core. The es.r.
spectra obtained in this study confirm previous results
which show that the lipidic polar zone is rigid and
relatively highly ordered, whereas the hydrophobic
core is fluid. Small differences are observed between
erythrocyte ghosts and synaptic membranes. These
latter are more fluid than the former, as can be seen
by the lower values of the order parameters and rota-
tional correlation times [17].

Phenothiazine derivatives, in the range of concen-
tration from 107° to 107*M, do not significantly
modify the spectra. A moderate increase in the order
parameter is observed with CPZ, only with spin label

Table 2. A-ﬂ"mity parameters of CPZ for erythrocyte ghosts and synaptic membranes

Type of membrane

“PO,” erythrocyte ghosts
five times washed
“Tris Mg2*” erythrocyte ghosts

Synaptic membranes

Moles of CPZ bound Ky
per mg protein (mole-171)
45 x 1077 3x 1076
1:15x 1078 28 x 1077
2:1.5 x 1077 1.2 x 1073
1:46 x 1077 5.7 x 107%
2:13 x107% .1 x 107%

Table 3. Variation of the CPZ concentration measured in the supernatant of centrifugation as a function of the number

of washes of PO, erythrocyte ghosts. The experiment was performed as follows: ghosts were washed in PO, buffer

without CPZ, as many times as indicated, then the pellet was incubated in the presence of CPZ, and the concentration
of CPZ in the supernatant measured spectrophotometrically

Number of washes i 2 3 5

CPZ concentration in the 47 x 1077 1.7 x 107¢ 22 x 1076 29 x 10°¢

supernatant (moie/l)
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I, and for concentrations higher than 5 x 107*M in
the case of synaptic membranes studied at 35°C[14].
At these concentrations we have observed very sub-
stantial modifications of the ESR spectra of spin-
labelled membrane proteins [ 18, 19]. This observation
is a first argument in favour of a preferential interac-
tion of chlorpromazine with the proteins rather than
with the lipids of the membrane. This interpretation
seems to be confirmed by the results obtained with
the photochemical method.

II. Photosensitizing action of the membrane proteins

Under u.v. irradiation of the membranes, the spin
labels are slowly destroyed, even in the absence of
drugs. The chromophores responsible for this effect
are probably the proteic aromatic amino-acids,
particularly tryptophan. In membranes, the reduc-
tion kinetic parameter is considerably increased when
the irradiation is performed around the tryptophan
absorption maximum, rather than at 310nm
(kago/k310 = 75). Furthermore, in solution, trypto-
phan is an efficient photosensitizer. The measured
speed of reduction in the presence of 5 x 107°M
TRY is approximately the same as in the presence
of membranes. Since tryptophan absorbs slightly at
310nm and since our interferential filter has about
1%, transmission at 295 nm, this aromatic amino acid
is irradiated even in the presence of the filter and
its photoproducts can react with the spin labels. In
fact, with PO, ghosts, one observes an important de-
crease of the kinetics parameter of spin label 1, as
the number of washes increases, whereas the kinetic
constants of spin label II decrease only slowly. This
result can be explained by a progressive extraction
of the less tightly bound proteins [20, 217, which are
superficially disposed in contact with the polar part
of the phospholipid structure, i.e. in the proximity
of the nitroxide group of spin label I. After a sufficient
number of washes only the structural proteins are
present; they are strongly anchored in the lipidic
structure, and even extend across both faces of the
membrane. They are then in contact with both types
of spin labels.

This interpretation is strengthened by the fact that
in “Tris Mg?*” ghosts, even after five incubation—cen-
trifugation cycles, one observes a marked difference
in the decay kinetics of both labels. This difference
is decreased by washing in low ionic strength phos-
phate buffer. It has been shown that the presence of
divalent ions inhibits the solubilization of peripheral
proteins [4, 21].

III. Photochemical actions of phenothiazines on spin
labels

(1) In solution. Although the photosensitization by
PMZ is more efficient than by CPZ, no difference
is observed between the reactivity of spin label I and
IL Thus the difference observed when the spin labels
are included inside membranes can be related to local
variations of the phenothiazine concentration. It
seems noteworthy to us that the kinetic constants
measured in solution with 5 x 107°M CPZ
(0.09min~!) are lower than those observed in the
presence of membranes at the same concentration
(0.3-1 min~?). This observation is an indication of the
inclusion of the drugs inside the membrane.
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(2) Location of phenothiazine inside membranes. It
is somewhat surprising to observe a decrease of the
spin label reduction kinetics at low phenothiazine
concentration. Since this reduction, in the absence of
the drugs, is due to proteins, it is probable that this
result is due to interactions between highly reactive
photochemical products of tryptophan and pheno-
thiazines, as for consequence a decrease in the
availability of reducing species for the nitroxide-free
radicals. In order to verifty this hypothesis, it will
be necessary to experiment with an irradiation device
using a monochromator in place of the interferential
filter, in order to avoid simultaneous irradiation of
tryptophan and of CPZ. Such an irradiation device
is now in construction in this laboratory.

When the phenothiazine concentration is increased,
the reaction between the drug and the nitroxides
become predominant, and the results depend on the
nature of the mode of preparation of membranes.

(@) “Tris Mg**” ghosts. At CPZ concentrations
higher than 6 x 107®M, the reduction kinetics is
higher with spin label I than with spin label 1I. This
result indicates that CPZ is mere concentrated at the
level of the polar part of the lipidic structure. At these
low concentrations, the ghosts have a high affinity
for the drug and a relatively low number of binding
sites (“specific” sites) (Table 1). As these sites disap-
pear by low ionic strength phosphate buffer treat-
ment, they are probably of proteic nature. It seems
therefore that CPZ is located at the contact area of
the peripheral proteins with the polar heads of phos-
pholipids.

When the drug concentration increases, these “spe-
cific” sites are saturated and CPZ invades the whole
membrane structure: the decay kinetics tend to
become identical for both labels.

With PMZ, the photochemical reaction is observ-
able at higher drug concentration, and is identical
for both labels. As the photosensitizing action of this
drug in solution is higher than that of CPZ, this result
show that PMZ has a very lower affinity for the mem-
brane and that its localization is not specific.

(b) “PO,” ghosts. No significant differences are
observed between the decay kinetics of the two labels
studied. As shown in Table 2, these membranes have
lost their “specific” binding sites for CPZ. At low con-
centration of the drug (<107 ° M), the interaction is
thus very weak, and only the direct reaction between
CPZ and protein is observable (k/k, < 1). As the con-
centration increases, the drug penetrates inside the
lipidic part of the membrane and this penetration is
favoured by the disparition of the proteins under the
influence of successive washes.

(c) Synaptic membranes. As in the case of “Tris
Mg?*” ghosts these membranes possess two types of
binding sites for CPZ, and the decay kinetic constant
of spin label T is higher than that of spin label II
in the presence of low CPZ concentrations
(107°-107° M). The drug is thus probably bound at
the polar lipidic interface.

This result may be compared with those obtained
by the protein spin labelling method previously
reported [19]. In this case we observed modifications
of the es.r. spectra which correlated with the degree
of solubilization of membrane proteins. This effect
was observed for CPZ concentrations higher than
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107* M. At this concentration in the present study,
the decay kinetics are very high but they are the same
for both labels.

A considerable amount of work has been done to
understand the mechanism of action of neuroleptic
phenothiazines. Their impact on membrane structure
is well established [22] but their precise mode of
membrane interaction is unclear. In the light of the
present results and of those previously established by
the spin label[8,19,23] and fluorescence method
[24-27] it seems that the interaction of chlorproma-
zine with biological membranes depends strongly on
the proteic structure of these membranes. This com-
pound does not penetrate in the hydrophobic core
of the lipid bilayer in the range of concentrations
which are of pharmacological interest. It is thus poss-
ible to suggest that its fundamental pharmacological
properties [28-31] are mediated by a topological
modification of the membrane protein arrangement.
One indication for the validity of this hypothesis is
given by the present results obtained with prometha-
zine which is a weak antipsychotic agent: its location
in the membrane is not the same as that of chlorpro-
mazine.
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