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SUMMARY

The interaction of propranolol with erythrocyte membranes at concentrations
stabilizing intact erythrocytes against hypotonic hemolysis produced corresponding
perturbations in membrane protein and particularly membrane phospholipid com-
ponents as monitored by increases in the reactivity of membrane amino and sulfhydryt
groups towards trinitrobenzenesulfonic acid and 35,5'-dithio-bis-(2-nitro-benzoic
acid), respectively. Membrane-propranolol interactions were also analyzed in terms of
alterations produced in the kinetic properties of membrane enzymes. These experi-
ments provided evidence that propranolol-induced perturbations were sufficiently
generalized as to influence the activity of enzymatic processes associated with both
inner and outer membrane surfaces. Configurational changes in membrane phospho-
lipids were implicated in these effects of propranolol, which included alterations in
functionally significant membrane-cation interactions. It is suggested that the findings
described here may provide a basis for understanding molecular aspects of membrane
stabilization in other systems.

INTRODUCTION

The pharmacological properties of propranolol appear to be determined by
some combination of f-adrenergic receptor antagonism and membrane stabilization
as reflected, for example, in the protection of erythrocytes from hypotonic hemolysis
[1]. The B-adrenergic actions of propranolol, which may be distinguished from those
related to membrane stabilization on the basis of their stereoselectivity and concentra-
tion dependence [2], account for many of the effects of propranolol in vivo [3, 4].
On the other hand, membrane actions may contribute appreciably to the anticonvul-
sant [5] and antipsychotic [6] effects of propranolol. Finally, there may be instances
where a complex interplay between S-blockade and membrane stabilization may be
operative, as in the antiarrhythmic properties of propranolol [7, 8].

* Abbreviations: TNBS, trinitrobenzenesulfonic acid; EGTA, ethyleneglycol-bis-(f-amino-
ethylether)-N, N’-tetraacetic acid.
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Propranolol and other membrane-stabilizing substances have been shown to
produce functional alterations in a wide variety of membrane systems which seem to
parailel the situation in the erythrocyte membrane. These include such diverse actions
as blockade of conduction in nerve fibers [1], inhibition of spreading and adhesion
of Sarcoma I cells [9], increased susceptibility of untransformed cells to agglutination
by concanavalin A [10], alterations in the permeability of various membranes to
sugars and electrolytes [11] and inhibition of serotonin uptake by platelets [12]. The
lack of detailed information on the mechanisms whereby membrane stabilizers perturb
the structural components of membranes has thus far precluded an interpretation of
such observations at a molecular level.

In earlier studies, we have shown that the interaction of a variety of compounds
possessing membrane-stabilizing activity with biological membranes, including that of
the human erythrocyte, produced marked alterations in the reactivity of membrane
amino groups towards trinitrobenzenesulfonic acid (TNBS) [13, 14]. This approach
has been further developed and applied here to an analysis of the perturbation by
propranolol of erythrocyte membrane protein and lipid components. Vectorial aspects
of associated functional alterations have been examined by studying the effects of
propranolol on a variety of membrane-enzymatic activities originating in different
regions of the membrane.

MATERIALS AND METHODS

Erythrocyte membranes were prepared from outdated human blood by step-
wise hypotonic lysis as described previously [15]. Preparations, which contained 3-4
mg protein per ml, were quick frozen and stored at —20 °C prior to use.

Chemical assays. Procedures used to analyze membrane fractions for protein
and phospholipid content as well as for the incorporation of trinitrobenzenesulfonic
acid into primary membrane amino groups were the same as those employed in our
earlier studies [13]. Membrane sulfhydryl groups were assayed colorimetrically using
5,5'-dithio-bis-(2-nitrobenzoic acid) [16].

Enzyme assays. Acetylcholinesterase was assayed spectrophotometrically at
room temperature. The 3.0 ml reaction mixture contained 2.6 ml Tris buffer (0.1 M,
pH 8.0), 0.1 ml acetylthiocholine (30 mM), 0.1 ml 5,5'-dithio-bis-(2-nitrobenzoic acid)
(10 mM, dissolved in 0.1 M Tris buffer, pH 8.0) and 0.1 ml membrane suspension
(0.3-0.4 mg/ml). Reactions were initiated with acetylthiocholine and rates were calcu-
lated from the absorbance increase at 412 nm during the first 2 min of the reaction.

Nitrophenyl phosphatase activity was determined by measuring the release of
p-nitrophenol from p-nitrophenyl phosphate, as described previously [15]. K-
stimulated p-nitrophenyl phosphatase activities were taken as the difference between
activity determined in the presence of 3 mM MgCl, and 30 mM KCl (total p-nitro-
phenyl phosphatase) and that determined in the absence of KCI (Mg *-stimulated-
p-nitrophenyl phosphatase).

(Ca**-+Mg?™")-ATPase activities were measured using the procedure of Quist
and Roufogalis [17] employing an EGTA-Ca®* buffer system to achieve concentra-
tions of free Ca?* in the range of 0.166-330 uM as described by these authors.
Reactions were terminated with 1.0 mi cold 8 % silicotungstic acid in 8 %) HCIO,,
a mixture which allows the removal of propranolol from solution by centrifugation
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[18] and thereby prevents its interference with the assay for inorganic phosphate by
the method of Fiske and SubbaRow [19]. (Ca?*-+Mg?*)-ATPase activity was
obtained as the difference between activity measured in the presence of calcium and
magnesium and that measured in the absence of calcium.

Antihemolysis studies. The procedure adopted was a modification of that
described by Machleidt et al. [20]. 5 ml fresh human blood were withdrawn into a
heparinized syringe and the blood was centrifuged at top speed for 5 min using a
clinical centrifuge. Erythrocytes were washed three times in 0.9 % NaCl/l5 mM
Tris - HCl (pH 7.0), using four volumes of buffer per volume of erythrocytes. After the
final wash, 2.0 ml packed erythrocytes were suspended in 32 ml of the isotonic buffer,
resulting in a final hematocrit of approx. 6 9. The hemolysis test consisted of an initial
15-min incubation at room temperature of 0.2 ml erythrocyte suspension in isotonic
buffer (0.9 %, NaCl/15 mM Tris - HCI, pH 7.0) containing various concentrations of
propranolol or other drugs to be tested. This was followed by a hypotonic challenge
with 2.3 ml of 15 mM Tris - HCI buffer (pH 7.0) containing the same concentration
of test drug as was present in the previous incubation. Following an incubation for
10 min at room temperature samples were centrifuged at 13000 xg for 5 min.
The absorbance of supernatants at 540 nm was determined and this value was ex-
pressed as percent total hemolysis of 0.2 ml erythrocytes in distilled water. Each
experiment was performed in triplicate and results were expressed as mean +S.E.

Gel filtration of labelled membranes. Membranes (2.0 ml) were labelled with
TNBS by incubation at 374-0.5 °C with 10 ml Tris buffer (20 mM, pH 8.0) and 1.0 ml
TNBS solution (10 mM, pH 8.0), with or without propranolol or other drugs to be
tested, in a final volume of 15ml for 1h. Following the addition of 10 ml HCI
(1 M), membranes were isolated and washed with Tris buffer by centrifugation at
30 000 < g. The presence of propranolol, even at the highest concentration of 1 mM,
was not associated with any decrease in the recovery of membrane material on cen-
trifugation. Pellets were solubilized and membrane lipid and protein components
were resolved using a column of Sephadex G-200 (1.6 X 100 cm) eluted with a mixture
of 19 sodium dodecyl sulfate/0.05 M ammonium bicarbonate/0.02 % NaN; as
described by Lenard [21]. 50-drop fractions (approx. 1 ml) were collected and flow
rates were 3-5 ml per h. Each fraction was analyzed for absorbance at 335 nm,
protein and phospholipid as described earlier.

Enzyme treatments. In phospholipase A studies, membranes were treated with
heated (10 min at 70 °C) Naja naja venom (Sigma). Typically, membranes (2.0 ml,
6-8 mg protein) were incubated for 15 min at 37--0.5 °C with 0.1 ml phospholipase A
solution (10 mg/mi), 0.8 ml CaCl, (20 mM) and 2.0 ml Tris buffer (20 mM, pH 8.0)
in a final volume of 5.0 ml. Reactions were terminated by adding 10 ml EDTA. (4 mM,
pH 7.4) and membranes were isolated and washed once with Tris buffer (20 mM,
pH 8.0) by centrifugation. Polyacrylamide gel electrophoretic analysis revealed no
evidence of membrane proteolysis following this treatment.

Trypsinization of membranes was carried out by incubating 2.0 ml membrane
preparation with 0.2 ml trypsin (Sigma, type III, twice crystallized) solution (0.5
mg/ml) for 15min at 374-0.5 °C. Following incubation, the reaction mixture was
diluted 10-fold and centrifuged at 30 000 X g. Membranes were then washed once with
cold double distilled water and isolated by centrifugation.

Materials. Trinitrobenzenesulfonic acid, racemic propranolol - HCI, 5,5'-di-
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thio-bis-(2-nitrobenzoic acid) (Nbs,), trypsin (type III, twice crystallized), phospho-
lipase A (Naja naja), ATP (Tris salt), EGTA, imidazole, Tris buffer, p-nitrophenyl
phosphate (disodium salt) and acetylthiocholine chloride were all purchased from
Sigma. HCIO, was obtained from B and A Chemical Co., Canada Ltd., silicotungstic
acid from Fisher. The resolved optical isomers of propranolol were generously pro-
vided by Ayerst Laboratories. Outdated blood (O positive) was obtained from the
Red Cross blood transfusion service of Vancouver.

RESULTS

Kinetics of TNBS incorporation

The interaction of propranolol with erythrocyte membranes at concentrations
producing antihemolysis of intact erythrocytes, produced a progressive increase in
TNBS incorporation (Fig. 1) associated with a progressive decrease in Arrhenius
activation energy (Fig. 2). Prior membrane trypsinization delayed but did not prevent
the decrease in activation energy by propranolol. On the other hand, in membranes
treated with phospholipase A, following an initial sharp decrease in activation energy
at the lowest propranolol concentration, increasing concentrations now produced
an increase, rather than a further decrease, in activation energy. TNBS incorporation
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Fig. 1. Stimulatory effects of propranolol optical isomers on the rate of TNBS incorporation by
erythrocyte membranes. TNBS incorporation was measured at 3740.5 °C, using reaction times of
30 min in the absence of propranoclol and 5 min in the presence of propranolol.
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Fig. 2. Effects of propranolol on the activation energy for TNBS incorporation by control, phos-
pholipase A- and trypsin-treated erythrocyte membranes. Enzyme treatments of membranes were
carried out as described in Materials and Methods and rates of TNBS incorporation were determined
in the temperature range between 15 and 451-0.5 °C, using reaction times of 5 min (in the presence of
propranolol) or 30 min (in the absence of propranolol). Arrhenius plots of 1n rate versus the reci-
procal of the absolute temperature were constructed and activation energies were evaluated from the
slope of the best fitting line as determined with a Compucorp 140 (Statistician) calculator. The acti-
vation energies shown in each case represent the mean 4- S.E. for three different membrane prepa-
rations.

in the absence of propranolol was minimally affected by these treatments. These
experiments suggested a critical role of membrane protein and especially phospholipid
components in determining the structural consequences of membrane-propranolol
interaction.

Labelling studies with TNBS

Structural alterations induced by propranolol were analyzed further by iso-
lating labelled membranes and separating trinitrophenylated protein and lipid moieties
by gel filtration. The time course of TNBS incorporation into membranes in the
presence of increasing concentrations of propranolol is shown in Fig. 3. Parallel
effects of increasing propranolol concentration on TNBS incorporation were apparent
at all times examined and 1-h incubations were chosen for the labelling studies de-
scribzd below. Following labzlling and solubilization of membranes, labzlled protein
and lipid components were resolved by Sephadex G-200 gel filtration as described by
Lenard [21] and correspond to peaks I and II, respectively, in Fig. 4. This diagram
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Fig. 3. Time course of TNBS incorporation into erythrocyte membranes in the absence and presence
of propranolol. Membranes (0.2 ml) were incubated with TNBS and propranolol at the concentra-
tions indicated (as in Fig. 1). Reactions were terminated with 10 % sodium dodecyl sulfate/1 M HCI
and the absorbance of solutions at 335 nm determined.

illustrates the modest stimulation by propranolol of TNBS incorporation into mem-
brane proteins (peak I) and the marked stimulation of incorporation into phospho-
lipids (peak ITI). Regression analysis indicated a strong correlation between protein
and lipid labelling stimulated by propranolol (r = 0.969), suggesting the existence of a
structural association between these two components. Further, antihemolysis by
propranolol in intact cells correlated better with the ratio of lipid to protein propran-
olol-stimulated TNBS labelling in isolated membranes (+ = 0.957) than with the
labelling of either protein (r = 0.838) or lipid (r = 0.866) components individually
(Fig. 5). Membrane proteins, therefore, while constituting a minor component of
TNBS labelling relative to phospholipids, may contribute significantly to propranolol-
induced antihemolysis.

Modification of membrane sulfhydryls by Nbs,

The protein perturbational effects of propranolol were monitored independently
in terms of alterations produced in the reaction of membrane sulfhydryl groups
with 5,5’-dithio-bis-(2-nitrobenzoic acid) (Nbs,). Sulfhydryl groups were chosen for
study because the hemolytic behaviour of erythrocytes is critically dependent on the
integrity of these groups [22]. The results shown in Fig. 6 suggest the presence of at
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Fig. 4. Labelling of erythrocyte membranes by TNBS in the absence and presence of propranolol.
Aliquots (2 ml) of membrane suspension were labelled with TNBS for 1 h, dialyzed and solubilized
in sodium dodecyl sulfate. Aliquots (1 ml) were applied to a 1.6 X 100 cm Sephadex G-200 column
and elution was performed with 1 % sodium dodecyl! sulfate/0.05 M ammonium bicarbonate/0.02 %,
NaN;. 50-drop fractions were analyzed and the absorbance of each at 335 nm determined spectro-
photometrically.

least two classes of sulfhydryls with one class undergoing modification in the range
where antihemolysis by propranolol increases sharply with concentration (up to 0.4
mM) (Fig. 5) and another class undergoing modification at concentrations of pro-
pranolol corresponding to the plateau region of the antihemolysis curve. These obser-
vations are again consistent with an association of membrane protein structural
perturbations with antihemolysis induced by propranolol and further suggest that the
decrease in antihemolysis in the plateau region results from progressive membrane
disruption by propranolol, as reflected in the marked exposure of sulfhydryl sites at
highest drug concentrations.

Enzyme inhibition studies

The activity of erythrocyte acetylcholinesterase, an enzyme located on the
external surface of the membrane [23], underwent progressive inhibition by increasing
concentrations of propranolol (Fig. 7, upper). A very similar course of inactivation
was found with Mg?*-dependent K*-stimulated p-nitrophenyl phosphatase, a
ouabain-sensitive process presumed to reflect the terminal K *-dependent dephospho-
rylation step of ATP hydrolysis [24] and which is dependent upon the structural
integrity of the membrane for optimal activity [25]. The basal Mg?*-depsndent
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Fig. 5. Upper. Concentration dependence of propranolol-induced antihemolysis of intact erythrocytes.
Each point represents the mean + S.E. of two sets of triplicate experiments using two different blood
samples. Lower. Propranolol-stimulated incorporation of TNBS into protein and phospholipid com-
ponents of the membrane. Each point represents the mean &= S.E. of experiments with three different
membrane preparations.

hydrolysis of p-nitrophenyl phosphate was considerably less sensitive to inhibition
by propranolol than the K*-stimulated component (Fig. 7, lower). High concentra-
tions of sucrose (0.5 M), shown previously to antagonize the inhibition of calcium
transport in cardiac sarcoplasmic reticulum induced by propranolol [26], significantly
decreased the inhibition by propranolol of K *-stimulated p-nitrophenyl phosphatase
activity (by 15 % at | mM propranolol) without exerting any effect on the inhibition
of basal Mg?*-stimulated p-nitrophenyl phosphatase. Further, the activation energy
characterizing K "-p-nitrophenyl phosphatase was altered in the presence of propran-
olol (1 mM) and this effect was abolished by sucrose (Table I). The activation energy
for Mg?*-p-nitrophenyl phosphatase, on the other hand, was not affected by propran-
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Fig. 6. Effect of propranolol on the labelling of erythrocyte membrane suifhydryl groups by Nbs,.
Reactions were carried out for 30 min at 37+0.5 °C in a 3.0 ml final volume containiug 0.2 ml mem-
brane suspension, 1.0 ml imidazole - HC1 (0.15 M, pH 7.4), 0.1 ml Nbs, (0.3 mM) and propranolol
as indicated. Following centrifugation, the absorbance of supernatants at 412 nm was used to calcu-
late the number of sulfhydryls modified using a molar extinction coefficient of 1.36 - 10* [16]. Results
were expressed as increments of Nbs, incorporation over control (in absence of propranolol) and
each point represents the mean 4 S.E. of experiments using 12 different membrane preparations.
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Fig. 7. Inhibitory effects of propranolol on the activity of three membrane enzymes, acetylcholin-
esterase, basal (Mg?*-stimulated) p-nitrophenyl phosphatase and K *-p-nitrophenyl phosphatase.
Each enzyme was assayed in a 3.0 ml incubation mixture with or without propranolol as described in
Materials and Methods. Each point represents the mean from experiments using a minimum of three
different membrane preparations.
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Fig. 8. Mg?* dependence of K*-stimulated p-nitrophenyl phosphatase in the absence or presence of
propranolol (1 mM). Inset: Eadie plots of the same data where y intercept == V and slope = — Ko, s
Mg2+. Assays were performed exactly as described in Materials and Methods, except that the final
concentration of MgCl, in the 3.0 ml incubation mixture was varied from 0.1 to 20.0 mM. Each
point represents the average of experiments with three different membrane preparations and mean
values -+ S.E. of the kinetic quantities are summarized in the accompanying table.

olol or sucrose, whether alone or in combination. Propranolol-induced inhibition of
acetylcholinesterase was similarly unaffected by the presence of sucrose.

The functionally relevant binding sites for Mg?* and K* in the p-nitropbenyl
phosphatase reaction are believed to be located on the inner and outer surfaces of the
membrane, respectively [27]. A detailed analysis of the influence of propranolol on
the activation of this enzyme by Mg?* and K* was therefore undertaken as an
approach to vectorial aspects of propranolol-induced membrane structural alterations.

The Mg?* dependence of K*-stimulated and basal activities in the absence
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TABLE1

ACTIVATION ENERGIES (E,) FOR BASAL (Mg?*-STIMULATED) AND K*-STIMULATED
p-NITROPHENYL PHOSPHATASE IN THE ABSENCE OR PRESENCE OF PROPRANOLOL
(1 mM) AND SUCROSE (0.5 M) ALONE OR IN COMBINATION

Enzyme assays were performed as described in Materials and Methods, except that incubation
temperature was varied in the range 15-45+0.5 °C. Arrhenius plots of In (specific activity) versus
reciprocal absolute temperature were constructed and slopes of the resulting regression lines (ob-
tained using a Compucorp 140 (Statistician) calculator) were multiplied by the gas constant (R)
to obtain E, in kcal/mol. Each value represents the mean +S.E. of three experiments, each using a
different membrane preparation.

E, (kcal/mol)

Basal (Mg?*-stimulated) K *-stimulated

p-nitrophenyl phosphatase p-nitrophenyl phosphatase

No sucrose Sucrose No sucrose Sucrose
Control 17.9+0.6 18.54+0.4 15.74-0.4 13.940.4
Propranolol 17.6+0.3 17.1+0.1 10.2+0.1 13.14-0.6

and presence of propranolol (1 mM) are shown in Figs. 8 and 9 (note differences in
the ordinates of these two figures). The lack of appreciable effect of propranolol on
the Mg?* dependence of the basal activity is apparent. In contrast, the ability of Mg?*
to stimulate the K*-stimulated activity is impaired, as reflected in a decreased V
of the enzyme and an increased K, 5 for Mg?*, i.e. the inhibition was of a mixed type.
Similarly, when K* stimulation of p-nitrophenyl phosphatase was examined, a pattern
of mixed inhibition by propranolol emerged with V decreased and K, 5 for K*
increased (Fig. 10). Thus, the membrane structural alterations produced by propran-
olol are sufficiently generalized as to influence the functional properties of both inner
and outer membrane surfaces.

Effects on (Ca**+Mg**)-ATPase

Propranolol and other B-adrenergic antagonists possessing membrane-stabili-
zing effects can interfere with certain Ca?* transport processes, presumably as a
result of competition at the level of membrane phospholipids [28]. The erythrocyte
membrane contains Mg?*-dependent, Ca?*-stimulated ATPase activity which is
believed to be involved in the active extrusion of Ca®* from the cell [29]. The stimula-
tion of this ATPase activity by Ca®* is complex (Fig. 11) and Eadie plot analysis
(data not shown) indicated the presence of two distinct classes of calcium binding
sites, probably located on two distinct classes of ATPase molecules [17]. The sus-
ceptibility of the (Ca?* +-Mg?*)-ATPase system to propranolol inhibition (Fig. 11)
was low, being comparable to that of basal p-nitrophenyl phosphatase activity
(inhibition of approx. 20 % at 1 mM propranolol) but very much less than that of
K *-stimulated p-nitrophenyl phosphatase or acetylcholinesterase activities (which
were both inhibited by about 50 ¢, at 1 mM propranolol). Propranolol produced a
greater decrease in the ATPase activity at high concentrations of Ca?* as compared
with the activity at the lowest Ca?* concentrations. The greater susceptibility of the



768

CONTROL PROPRANOLOL
Vmax 83.8 + 3.2 56.9 tl.a
K asMpg™| b.27:0.08 0.18:0.03
{(mm)
70

>
Fao
2
=
= CONTROL 230
+-+ PROPRANDLOL
' 1
a0 I a0 80
L 3=1
a0

A | S A

a4 103 o2 10”7

canc. aF Mg’ (m)

ACTIVITY (MMOLES NITROPHENGOL/ht/mg PRATEIN)

Fig. 9. Mg?* dependence of basal (Mg?*-stimulated) p-nitrophenyl phosphatase in the absence or
presence of propranolol (1 mM). Inset: Eadie plot of the same data where y intercept = V and
slope = —K,.s Mg2*. Note differences in ordinate of Figs. 8 and 9. Each point represents the
average of experiments with three different membrane preparations and mean values - S.E. of the
kinetic quantities are summarized in the accompanying table.

“low affinity” activity to propranolol inhibition is interesting in view of recent data
[17] indicating that this enzyme activity is critically depzndent on membrane structural
integrity and interaction with membrane phospholipids, in contrast to the “high
affinity’” enzyme which seems to occupy a more peripheral location in the membrane.
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Fig. 10. K* dependence of K*-stimulated p-nitrophenyl phosphatase in the absence or presence of
propranolol (1 mM). Inset: Eadie plot of the same data where y intercept = V and slope = —Kj.5
K *. Assays were performed exactly as described in Materials and Methods, except that the final
concentration of KCl in the 3.0 mi incubation mixture was varied from 0.5 to 20.0 mM. Each point
represents the average of experiments with four different membrane preparations and mean values
+ S.E. of the kinetic quantities are summarized in the accompanying table.
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Fig. 11. Ca®* dependence of (Ca?* +Mg?*)-ATPase activity in the absence or presence of propranolol
(1 mM). Membranes were always assayed less than 24 h after preparation. The mixture contained 0.2
ml membrane suspension, ATP (2 mM), MgCl, (6.4 mM), NaCl (66 mM), EGTA (0.1 mM), Tris
buffer (55 mM, pH 7.4) and CaCl, to produce concentrations of free calcium in the range 0.3-300
#M. Each point represents the mean of experiments performed with five different membrane prepa-
rations.

DISCUSSION

The functional alterations produced in biological membranes by propranolol
and other membrane stabilizers [30] are presumed to result from changes in the
configurational state of membrane structural components induced by these substances.
Our studies here represent an attempt to analyze the molecular basis of such proposed
membrane perturbations using the human erythrocyte as a model membrane system.

Propranolol interaction with erythrocyte membranes produces a concentration-
dependent increase in the incorporation of TNBS into membrane amino groups
(Fig. 1) associated with a progressive decrease in the activation energy for TNBS
incorporation (Fig. 2). A comparison of the properties of (4 )- and (- )-isomers of
propranolol was made since the (- )-isomer has been reported to be more active with
respect to certain cardiovascular [31] and erythrocyte [32]effects than the (— )-isomer.
However, TNBS incorporation did not reveal such differences and the stimulatory
effects of both isomers, like their membrane-stabilizing properties [2], were equal
(Fig. 1).

The involvement of protein and particularly phospholipid components in
propranolol-induced membrane perturbations appeared likely both from the influence
of trypsinization and phospholipase A treatment on changes in activation energy for
TNBS incorporation produced by propranolol (Fig. 2) and from the increased
labelling of protein and especially phospholipid amino groups by TNBS in the
presence of increasing concentrations of propranolol (Fig. 4). This increase in phos-
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pholipid labelling is consistent with the well-known ability of membrane stabilizers
and local anesthetics to interact with phospholipids in biological membranes or in
protein-free artificial membrane systems [33] and further shows that such interaction
perturbs the structural state of these lipids. Although the exact role of membrane
proteins in membrane stabilization has yet to be clarified, the fact that an approx.
10-fold discrepancy exists between the volume of occupation and the extent of mem-
brane expansion produced by membrane stabilizers in erythrocyte membranes but not
in protein-free lipid systems [30, 34] indicates that proteins are important in the
process of membrane stabilization. Propranolol-induced perturbations in protein
amino (Figs. 4 and 5) or suifhydryl (Fig. 6) groups correlated well with propranolol-
induced phospholipid alterations, suggesting interdependence of protein and lipid
structural alterations. Although caution must be exercised in attempting to extrapolate
from the effects of propranolol in erythrocyte ghosts to those in intact erythrocytes,
regression analysis of the stabilizing effects of propranolol in intact erythrocytes and
the perturbational effects of propranolol on proteins as well as lipids of isolated mem-
branes suggests that membrane proteins contribute significantly to the stabilizing
action of propranolol.

The inhibitory effects of propranolol on enzymatic processes arising from either
outer (acetylcholinesterase, K* stimulation of p-nitrophenyl phosphatase) or inner
(Mg?* stimulation of p-nitrophenyl phosphatase) surfaces of the membrane (Figs.
7-10) were indicative of generalized membrane perturbations. Regression analysis
indicated a high degree of correlation (r values > 0.95) between propranolol-induced
labelling of membrane phospholipids by TNBS and the inhibition of these enzyme
activities by propranolol. This suggests that enzyme inhibition is associated with an
alteration by propranolol in the structural state of membrane phospholipids, since
fluidity changes in membrane lipids have been shown to influence the properties of
these enzymes in rat erythrocyte membranes [35]. The lesser susceptibility of (Ca** +
Mg?*)-ATPase to inhibition by propranolol (1 mM) (Fig. 11) as compared with
(K" +Mg?*)-p-nitrophenyl phosphatase (Fig. 7) (and (Na* +K*)-stimulated Mg?*-
ATPase which behaved identically, results not shown) suggested a lack of structural
and/or functional interdependence of these two ATP-hydrolyzing systems in the
membrane, a suggestion borne out by the demonstration that these (Na* 4K *)- and
Ca’*-stimulated activities are associated with chromatographically distinguishable
phosphorylated intermediates [36].

The impairment by propranolol of Mg?*-activation of K *-stimulated p-nitro-
phenyl phosphatase (Fig. 8) is interesting in the light of the recent suggestion by
Goldman and Albers [37] that phosphatidylethanolamine, which is the phospholipid
preferentially modified by TNBS in the presence of propranolol (results not included),
may act as a modulator controlling the affinity of this enzyme for Mg?*. Further,
the observation that K* activation and Mg?* activation of p-nitrophenyl phosphatase,
which occur at outer and inner surfaces of the membrane, respectively [38], were
impaired in a similar manner by propranolol (doubling of their respective K, 5
values and comparable decreases in ¥, Figs. 8 and 10), may point to a role of amino
phospholipids in mediating functional communication between these spatially sepa-
rated cation binding sites. Alteration of this proposed communication may explain
the change in activation energy produced by propranolol in (Mg?* +K*)-p-nitro-
phenyl phosphatase but not in the basal (K*-independent) activity (Table I). The
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ability of propranolol to modify divalent cation-membrane interactions likely also
determines its inhibitory effects on the (Ca®*--Mg?*)-ATPase (Fig. 1), as has been
shown to bz the case in the Ca®*-transporting system of cardiac sarcoplasmic reticu-
lum [39]. The preferential effects of propranolol on the “low affinity™ activity in the
erythrocyte (Fig. 11) strength=ns the recent proposal that this activity is more relevant
to active Ca?™ extrusion than the *‘high affinity” activity [17].

The studies describzd here provide a basis for analyzing the effects of mem-
brane stabilizers in systems other than the erythrocyte. The observation that non-
steroidal anti-inflammatory drugs increase sulfhydryl-disulfide exchange between
membrane proteins and DTNB in vitro [40] may indicate that the proposed stabilizing
action of these drugs on lysosomal membranes bears some molecular analogy to that
produced by propranolol in erythrocytes where progressive exposure of membrane
sulfhydryls was observed (Fig. 6). Similarly, propranolol has been shown to increase
K™ efflux from intact erythrocytes [41], an effect which appears mediated by drug-
induced displacement of membrane Ca?™*. This property of propranolol, which could
bz relevant to its effects on cardiac pacemaker activity [42], may well be another
manifestation of phospholipid structural alterations analogous to those observed in
the present study. We are currently applying the approaches developed here to a study
of membranes from excitable tissues in order to determine the extent to which the
molecular characteristics of antihemolytic stabilization in erythrocytes resemble those
associated with the electrical stabilization of excitable tissues.

ACKNOWLEDGMENTS

We gratefully acknowledge the financial support of the Medical Research
Council of Canada and thank Dr. Basil Roufogalis for many valuable suggestions
during the preparation of this manuscript.

REFERENCES

I Roth, S. and Seeman, P. (1971) Nat. New Biol. 231, 1284-1285

2 Barrett, A. M. and Cullum, V. A. (1968) Br. J. Pharmacol. 34, 43-55

3 Bonn, J. A. and Turner, P. (1971) Lancet I, 1355-1356

4 Rahn, K. H., Hawlina, A., Kersting, F. and Planz, G. (1974) Naunyn-Schmiedeberg’s Arch.

Pharmacol. 286, 319-323

Madan, B. R. and Barar, F. S. K. (1974) Eur. J. Pharmacol. 29, 1-4

Yorkston, N. J., Zaki, S. A., Malik, M. K. U., Morrison, R. C. and Havard, C. W. H. (1974) Br.

Med. J. 4, 633-635

Kelliher, G. J. and Roberts, J. (1974) Am. Heart J. 87, 458-467

Singh, B. N. and Jewitt, D. E. (1974) Drugs 7, 426-461

9 Rabinovitch, M. and De Stefano, M. (1975) J. Cell. Physiol. 85, 189-194

10 Poste, G., Papahadjopoulos, D., Jacobsen, K. and Vail, W. J. (1975) Nature 253, 552-554

11 Clausen, T., Harving, H. and Dahl-Hansen, A. B. (1973) Biochim. Biophys. Acta 298, 393411

12 Lemmer, B., Wiethold, G., Hellenbrecht, D., Bak, I. J. and Grobecker, H. (1972) Naunyn-
Schmiedeberg’s Arch. Pharmacol. 275, 299-313

I3 Godin, D. V. and Ng, T. Wan (1972) Mol. Pharmacol. 8, 426-437

14 Godin, D. V. and Ng, T. Wan (1973) Mol. Pharmacol. 9, 802-819

15 Godin, D. V. and Schrier, S. L. (1970) Biochemistry 9, 4068-4077

16 Ellman, G. L. (1959) Arch. Biochim. Biophys. 82, 70-77

17 Quist, E. E. and Roufogalis, B. D. (1975) Arch. Biochim. Biophys. 168, 240-251

18 Roufogalis, B. D. (1971) Anal. Biochem. 44, 325-328

N

[- RN |



19
20
21
22
23
24
25
26
27
28
29
30
31

32
33
34
35

36
37
38
39
40
41
42

773

Fiske, C. H. and SubbaRow, Y. (1925) J. Biol. Chem. 66, 375400

Machleidt, H., Roth, S. and Seeman, P. (1972) Biochim. Biophys. Acta 255, 178-189
Lenard, J. (1970) Biochemistry 9, 1129-1132

Jacob, H. S. and Jandl, J. H. (1962) J. Clin. Invest. 41, 779-792

Heller, M. and Hanahan, D. J. (1972) Biochim. Biophys. Acta 255, 251-272

Ahmed, K. and Judah, J. D. (1964) Biochim. Biophys. Acta 93, 603-613

Roelofsen, B. and Van Deenen, L. L. M. (1973) Eur. J. Biochem. 40, 245-257

Solaro, R. J., Gertz, E. W. and Briggs, F. N. (1972) Biochim. Biophys. Acta 255, 751-761
Skou, J. C., Butler, K. W. and Hansen, O. (1971) Biochim. Biophys. Acta 241, 443-461
Noack, E. and Greef, K. (1971) Experientia 27, 810-811

Schatzmann, J. J. and Rossi, G. L. (1971) Biochim. Biophys. Acta 241, 379-392
Seeman, P. (1972) Pharmacol. Rev. 24, 583-655

Tremblay, G. M., De Champlain, J. and Nadeau, R. A. (1973) Can. J. Physiol. Pharmacol. 51,
61-67

Glynn, I. M. and Warner, A. E. (1972) Br. J. Pharmacol. 44, 271-278
Papahadjopoulos, D. (1972) Biochim. Biophys. Acta 265, 169-186

Seeman, P. (1974) Experientia 30, 759-760

Farias, R. N., Bloj, B., Morero, R. D., Sifieriz, F. and Trucco, R. E. (1975) Biochim. Biophys.
Acta 415, 231-251

Knauf, P. A., Proverbio, F. and Hoffman, J. F. (1974) J. Gen. Physiol. 63, 329-336
Goldman, S. S. and Albers, R. W. (1973) J. Biol. Chem. 248, 867-874

Skou, J. C., Butler, K. W. and Hansen, O. (1971) Biochim. Biophys. Acta 241, 443-461
Pang, D. C. and Briggs, F. N. (1973) Biochem. Pharmacol. 22, 1301-1308

Famaey, J. P. and Whitehouse, M. W. (1975) Biochem. Pharmacol. 24, 1609-1615
Porzig, H. (1975) J. Physiol. Lond. 249, 2749

Trautwein, W. (1973) Physiol, Rev. 53, 793-835



