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Effect of Short-Chain Primary Alcohols on Fluidity and Activity of Sarcoplasmic 
Reticulum Membranes? 

Leonor M. Almeida, Winchil L. C. Vaz,t Jiirgen Stumpel,* and Vhor M. C. Madeira* 
Centro de Biologia Celular, Departamento de Zoologia, Universidade de Coimbra. 3049 Coimbra Codex, Portugal 

Received December 19, 1985; Revised Manuscript Received March 20, 1986 

ABSTRACT: Intramolecular excimer formation with the fluorescent probe 1,3-di( 1 -pyrenyl)propane, differential 
scanning calorimetry, and X-ray diffraction were used to assess the effect of ethanol, 1-butanol, and 1-hexanol 
on the bilayer organization in model membranes, sarcoplasmic reticulum (SR) lipids and native SR 
membranes. These alcohols have fluidizing effects on membranes and lower the main transition temperature 
of dimyristoylphosphatidylcholine (DMPC), but only 1-hexanol alters the cooperativity of the phase transition 
and significantly increases the thickness of DMPC bilayers. The interaction of the three alcohols with the 
SR Ca2+ pump was also investigated. Hydrolysis of ATP and coupled Ca2+ uptake are differently sensitive 
to the three alcohols. Whereas ethanol and I-butanol inhibited the Ca2+ uptake, I-hexanol stimulated it. 
Nevertheless, the energetic efficiency of the pump (Ca2+/ATP) is not significantly affected by ethanol or 
1-hexanol, but uncoupling was observed with 1-butanol at  high concentrations. The different effects of alcohols 
on the activity of S R  membranes rule out an unitary mechanism of action on the basis of fluidity changes 
induced in the lipid bilayer. Depending on the chain length, the alcohols interact with the SR membranes 
in different domains, perturbing differently the Ca2+-pump activity. 

sho r t - cha in  primary alcohols affect the functional and 
structural states of several biological membranes (Chin & 
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Goldstein, 1977; Stokes & Harris, 1982; Waring et al., 1981; 
Swartz et al., 1974; Retig et al., 1977; Kondo & Kasai, 1973; 
Garda & Brenner, 1984). 

Traditional pharmacology groups alcohols with other 
chemically unrelated compounds, i,e., anesthetic agents 
(Seeman, 1972), sharing in common the ability to perturb 
membrane organization (Seeman, 1972; Paterson et al., 1972; 
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Jain & Wu, 1977; Jain et al., 1975; Lenaz et al., 1976; Lee, 
1976; Chin & Goldstein, 1981; Lyon & Goldstein, 1983; 
Garda & Brenner, 1984). This ability has been related to their 
pharmacological action (Trudell et al., 1973a,b; Jain et al., 
1975; Haydon et al., 1977; Lee, 1976; Pang et al., 1980). 
Although the molecular mechanisms of action of these drugs 
on membrane activities are not yet completely understood, the 
unitary model based on the perturbation of the lipid bilayer 
can be ruled out (Richards et al., 1978; Franks & Lieb, 1978). 

Sarcoplasmic reticulum membranes (SR)’ have been ex- 
tensively characterized in their structural and functional 
characteristics (Weber et al., 1966; Hasselbach, 1979; Tada 
et al., 1978). Studies of drug effects on this simple and 
well-defined system are likely to contribute for a better un- 
derstanding about the molecular mechanisms of membrane 
interaction. Effects of primary alcohols on functional activities 
of SR have been previously described (Kondo & Kasai, 1973; 
Hara & Kasai, 1977); yet, no data are available about their 
effects on membrane fluidity and on the energetic coupling 
of Ca2+ pumping. Tempting to further understand the alcohol 
effects on membrane activities, we studied the interaction of 
ethanol, 1-butanol, and 1-hexanol on functional parameters 
of SR membranes and physical modifications reflected in the 
lipid fluidity,2 as determined by the use of intramolecular 
excimer formation of Py(3)Py in membranes (Zachariasse et 
al., 1982; Almeida et al., 1982). In fact, it has been shown 
that lipids surrounding the SR Ca2+-pump enzyme modulate 
its function through physical interactions, including membrane 
fluidity (Benett et al., 1980; Johannsson et al., 1981; Almeida 
et al., 1984). Therefore, modulation of membrane fluidity by 
alcohols will help the interpretation of mechanisms by which 
these compounds interact with membranes. 

MATERIALS AND METHODS 
Sarcoplasmic reticulum vesicles were prepared from rabbit 

white muscles as described elsewhere (Madeira & Antunes- 
Madeira, 1976), except that isolation and resuspension media 
contained 2.5 mM DTT and 10 WM PMS. 

Protein was determined by the biuret method (Gornall et 
al., 1949) using bovine serum albumin as standard. 

Lipids of SR were extracted as previously described (Ma- 
deira & Antunes-Madeira, 1976). The phospholpids were 
quantitated by measuring the amount of inorganic phosphate 
(Bartlett, 1959) after hydrolysis of extracts at 180 OC in 70% 
HC104 (Bottcher et al., 1961). 

Liposomes were prepared by vortexing a mixture of 2.7 mg 
of phospholipids in 5 mL of a buffer solution containing 0.1 
M KCl and 5 mM Tris, pH 7.0, for 2 min, at a temperature 
above the main phase transition of the lipid species. The 
mixture was then briefly sonicated in a water bath to disperse 
large lipid aggregates. 

Incorporation of Py(3)Py in liposomes and SR membranes 
was carried out as previously described (Almeida et al., 1982, 
1984). Blanks prepared under identical conditions without 
Py(3)Py served as controls for fluorometric measurements. 
These measurements were carried out with a Perkin-Elmer. 

Abbreviations: ATP, adenosine 5’-triphosphate; Ca*+-ATPase, 
(CaZ+ + Mgz+)-dependent ATP-phosphohydrolase; DMPC, di- 
myristoylphosphatidylcholine; DPPC, dipalmitoylphosphatidylcholine; 
DTT, dithiothreitol; PMS, phenylmethanesulfonyl fluoride; Py(3)Py, 
1,3-di( 1 -pyrenyl)propane; SR, sarcoplasmic reticulum; Tris, tris(hy- 
droxymethy1)aminomethane. 

We are using ‘fluidity” here in an operational sense and defining it 
as being directly proportional to the rate of excimer formation by the 
intramolecular excimer forming probe Py(3)Py. This fluidity is related 
to but not identical with the physical definition of fluidity. 

M C A 2 +  P U M P  V O L .  2 5 ,  N O .  11, 1 9 8 6  4833 

Model MPF-3, spectrofluorometer. The excimer to monomer 
fluorescence intensity ratio, P I Z ,  was evaluated as previously 
described (Almeida et al., 1982, 1984). This ratio changes 
with the fluidity of viscous media and has been used to monitor 
the fluidity of synthetic (Zachariasse et al., 1980) and native 
membranes (Melnick et al., 1981; Zachariasse et al., 1982; 
Almeida et al., 1982, 1984). 

In order to study the effects of short-chain primary alcohols 
on Py(3)Py excimer formation, the alcohols were added at 
desired concentrations to suspensions of SR vesicles or lipo- 
somes taken from stock suspensions previously labeled with 
Py(3)Py; the mixtures were allowed to equilibrate with gentle 
stirring at room temperature for 10 min. Indeed, a few 
minutes are required for the equilibrium in the sense that a 
constant value of Z‘IZ is observed. It should be pointed out 
that the observed effects of alcohols are not related with Py- 
(3)Py membranelbuffer partition changes, since the probe does 
not release into buffer even at the highest alcohol concentra- 
tions, as determined by fluorometric assay of buffer and 
membranes, after separation by centrifugation. 

Samples for X-ray diffraction and calorimetric studies were 
prepared by suspending -7 mg of lipid in 10 mL of 0.1 M 
KCl and 5 mM Tris-HC1, pH 7.0, containing the desired 
amount of primary alcohol, at a temperature 5 OC higher than 
the phase transition temperature of the lipid. After equili- 
bration for at least 3 h at this temperature, the suspension was 
centrifuged at loooOg and 4 OC for 10 min, and the lipid pellet 
was directly transferred to the calorimetric pan or to the glass 
capillary sample tube for X-ray diffraction. The samples were 
immediately sealed and then subjected to differential scanning 
calorimetric or X-ray diffraction analysis as described by 
Stumpel et al. (1985). 

Ca2+ uptake was monitored with a Ca2+ electrode as de- 
scribed elsewhere (Madeira, 1975). The reactions were carried 
at 20 OC and pH 6.9, in media (2 mL) containing 50 mM KC1, 
5 mM MgC12, 10 mM Tris-maleate, 0.27 mg of SR protein, 
and 50 pM CaC12. The uptake of Ca2+ was initiated by adding 
0.2 mM MgATP. 

Ca2+ uptake was also estimated from the recording of ATP 
hydrolysis in the presence of oxalate (Ca2+-trapping agent) 
as previously described (Madeira, 1982) using conditions in- 
dicated in the figure legends. 

ATP hydrolysis was determined by monitoring proton 
production due to ATP splitting, as described previously 
(Madeira, 1978). Incubation media (2 mL) at 20 OC con- 
tained 50 mM KCl, 5 mM MgC12, 5 mM Tris-HC1, pH 6.9, 
0.27 mg of SR protein, and 0.2 or 1 .O mM MgATP. The ATP 
hydrolysis reaction was started by adding 50 p M  CaC1,. When 
indicated, 20 pM lasalocid was added. 

RESULTS AND DISCUSSION 
Effect of Short-Chain Primary Alcohols on Membrane 

Fluidity. ( a )  Model Membrane Systems. Short-chain 1- 
alkanols perturb the bilayer organization of synthetic lipids 
studied by a variety of methods, namely, differential scanning 
calorimetry (Jain & Wu, 1977; Sturtevant, 1982), turbidity 
changes (Hill, 1974; Rowe, 1983) and fluorescence (Lee, 
1976). Intramolecular excimer formation of Py(3)Py (Za- 
chariasse et al., 1980; Almeida et al., 1984) is highly sensitive 
to fluidity changes and phase transitions of synthetic phos- 
pholipid bilayers. Thermotropic profiles of Py(3)Py fluores- 
cence intensity ratio, Z’IZ (intramolecular excimer to mono- 
mer), are shown in Figure 1 for DMPC bilayers containing 
increasing concentrations of ethanol, butanol, and hexanol. In 
the absence of alcohols, I’II increases with temperature, and 
the main phase transition of DMPC is detected as a sharp 
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FIGURE 1: Excimer to monomer fluorescence intensity ratio, I'l l ,  of Py(3)Py incorporated into DMPC and DMPC-alcohol mixtures, as a 
function of temperature. (A) Ethanol; (B) 1-butanol; (C) 1-hexanol. Alcohol concentrations (M) in lipid suspensions are indicated for each 
curve. The upward arrow indicates the main phase transition temperature as reported by Houslay and Stanley (1982). Values of P / I  of Py(3)Py 
were taken a t  35 OC from (A), (B), and (C) and were plotted, after normalization, as a function of the added alcohol concentration (D): (A) 
ethanol; (0) 1-butanol; (0) 1-hexanol. Note that the concentration ranges were deliberately chosen, e.g., 1 order of magnitude lower as the 
alcohol chain grows by two C atoms to compensate for the membrane partitions which, accordingly, increase by a factor of 10. 

Table I: X-ray Diffraction Results on the Influence of Primary 
Alcohols on the Structure of DMPC Multilamellar LiDosomes" 

additive temp ("C) short sp (A) long sp (A) 
none 4 4.03; 4.12 58.7 
2.0 M ethanol 4 4.10 61.4 
0.20 M 1-butanol 4 4.06 62.4 
0.02 M I-hexanol 4 4.08 71.0 
none 35 4.46 62.4 
2.0 M ethanol 35 4.49 64.4 
0.20 M 1-butanol 35 4.51 63.0 
0.02 M 1-hexanol 35 4.51 64.4 

'All preparations were in 0.1 M KCI and 5 mM Tris-HC1, pH 7.0. 
The errors in the X-ray diffraction results are * O S  8, in the long 
spacings and ztO.01 A in the short spacings. 

increase in excimer formation at a temperature range close 
to that observed with other techniques (Houslay & Stanley, 
1982). The alcohols increase the bilayer fluidity in terms of 
excimer/monomer fluorescence intensity ratio, over the entire 
temperature range, either below or above the phase transition, 
and shift the gel to liquid-crystalline phase transition to lower 
temperatures. By using differential scanning calorimetry, we 
obtained identical results (Figure 2), in agreement with Jain 
and Wu (1977), for DPPC. Also, similar findings have been 
reported by means of light scattering (Hill, 1974; Rowe, 1983) 
and chlorophyll u fluorophore (Lee, 1976) measurements. 

X-ray diffraction studies on DMPC multilamellar liposomes 
were undertaken in the absence and presence of primary al- 

FIGURE 2: Differential scanning calorimetry of DMPC-alcohol 
mixtures. Alcohol concentrations (M) in lipid suspensions are indicated 
for each curve. The heating rate was 2.5 K min-' a t  the sensitivity 
range of 2 mcal s-l. 

cohols to arrive at some understanding of the effect of the 
alcohols at a structural level. The results are summarized in 
Table I. I n  the absence of alcohols, at 4 OC, two reflections 
are seen in the wide-angle region (the so-called short spacings). 
This is characteristic of the L, phase and is attributed to a 
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tilt of the chain long axis with respect to the normal to the 
membrane plane (Tardieu et al., 1972; Janiak et al., 1976) 
and a consequent distorted hexagonal chain-packing lattice. 
In the presence of all three alcohols, there is only one reflection 
in the wide-angle region which indicates an erection of the 
chain long axis. The lattice constant is also slightly larger than 
in the absence of the alcohols. We also observed that the long 
spacing (reflections in the low-angle region) is increased in 
the presence of the alcohols relatively to its value in their 
absence. The increase in the long spacing in the presence of 
ethanol and 1-butanol can be accounted for simply by an 
erection of the chains assuming a tilt angle of about 20". This 
is, however, not the only reason for the increase in the long 
spacing observed with 1-hexanol. If we assume that there is 
no change in the thickness of the aqueous layer in the lamellae 
in the presence of 0.02 M 1-hexanol, the additional 9 A can 
only be accounted for in a model in which 1-hexanol partitions 
in the midplane of the L, phase DMPC bilayer. The results 
at 35 "C are not as dramatic as in the L, phase, but an 
increase in the bilayer thickness in the presence of all three 
alcohols may be inferred. It must be admitted, however, that 
the high concentration of ethanol (2.0 M) may significantly 
affect the dielectric constant of the aqueous phase so that it 
cannot be ruled out, in this case, that there is also a contri- 
bution from an increase in the aqueous layer thickness to the 
overall increase in the long spacing. X-ray diffraction results 
with SR total lipid suspensions (results not presented) showed 
a less clear picture due to the difficulty of obtaining clearly 
multilamellar structures with this lipid mixture. 

Additionally, Figure 1D shows that alcohol potency in bi- 
layer fluidization increases with the aliphatic chain length. The 
ranges of added concentrations are decreased by 1 order of 
magnitude as the chain length increases by two carbon atoms, 
since bilayer/buffer partition of alcohols accordingly increase 
by a factor of 10. Thus, the lipid/buffer partition coefficients 
for these alcohols on erythrocyte membranes (Seeman, 1972) 
are about 0.14, 1.5, and 13.0 for ethanol, 1-butanol, and 1- 
hexanol, respectively. Katz and Diamond (1974) reported 
partitions, at 25 OC, of 0.4 and 3.2 for ethanol and 1-butanol, 
respectively, on DMPC/water systems, and Jain et al. (1978) 
reported 25.2 for hexanol on DPPC/water systems. Therefore, 
the concentration ranges used in our studies are within rea- 
sonable limits to compare the effects of alcohols under nor- 
malized conditions. It turns out that identical concentrations 
interacting with the bilayer are achieved when the added 
concentrations increased about 1 0-fold by shortening the al- 
iphatic chain by two carbon atoms. According to other 
workers, the disordering potency of short-chain primary al- 
cohols increases with chain length and lipid solubility (Paterson 
et al., 1972; Zavoico & Kutchai, 1980; Lyon et al., 1981), 
suggesting that the effect reflects the partition coefficient into 
the membrane bilayer. Also, our results indicate that, re- 
gardless of membrane partition, the fluidizing effect signifi- 
cantly depends on the alcohol chain length. As it increases, 
bilayer organization is accordingly perturbed, reflecting that 
bilayer geometry is modified by the length and shape of 
perturbing molecules, in addition to concentration. 

Moreover, the perturbation type differs for the three alcohols 
(Figures 1 and 2), as indicated by the shapes of transition 
profiles reflecting the cooperativity of the phase transition 
(Rowe, 1983; Jain & Wu, 1977). The characteristic sharpness 
of the phase transition indicates highly cooperative interactions 
among the lipid molecules. Ethanol and butanol, over the 
entire range of used concentrations, do not modify the shape 
and sharpness of the fluidity transition profiles (Figure 1) or 
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FIGURE 3: Excimer to monomer fluorescence intensity ratio, I' l l ,  as 
a function of temperature for Py(3)Py in SR membranes treated with 
primary alcohols. (A) Ethanol; (B) 1-butanol; (C) 1-hexanol. The 
numbers indicate the concentration of the alcohol (M) in membrane 
suspensions. 
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FIGURE 4: Relationship between fluorescence intensity ratio, P/ I ,  and 
the added alcohol concentration in liposomes of SR lipids and in SR 
membranes, at  35 O C .  (A) Ethanol; (0) 1-butanol; (0) 1-hexanol. 
Full traces refer to the results in liposomes of SR lipids and dotted 
traces to the results in SR membranes. 

the calorimetric transitions of DMPC (Figure 2), in agreement 
with Jain and Wu (1977) for DPPC; also, Rowe (1983), by 
means of spectrophotometric measurements, reported identical 
results for the effect of ethanol in several phosphatidylcholine 
species. Conversely, 1 -hexanol broadens the transition profile 
(Figure IC), implying that the size of the cooperative unit 
undergoing transition decreases with hexanol concentration, 
according to the findings by means of differential scanning 
calorimetry (Figure 2). Again, our results agree well with 
those of Jain et al. (1975) and Jain and Wu (1977) for DPPC. 

Native SR 
membranes and bilayers reconstituted with the total lipid 
extract of SR remain in the fluid state, over the temperature 
range from 0 to 40 OC (Almeida et al., 1982). In both 
membrane systems, the alcohols under study enhance the 
excimer formation over the entire temperature range (Figure 

(b )  Sarcoplasmic Reticulum Membranes. 
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3); this effect depends on alcohol concentration and chain 
length. The effects are well discernible in Figure 4 which 
summarizes normalized values of Z'/Z obtained at 35 OC. As 
above for DMPC, the higher fluidization potency can be as- 
signed to hexanol, indicating that chain length, in addition to 
lipid solubility, determines the degree of fluidizing effect. Since 
each point in Figure 4 refers to identical intramembrane 
concentrations for the three alcohols under study, it is con- 
cluded that the chain length is an important parameter con- 
tributing for the fluidizing effect of alcohols. 

Ethanol has a comparatively small fluidizing effect on SR 
membranes. Ethanol has been shown to increase the fluidity 
of biological membranes (Waring et al., 1981; Rubin & 
Rottenberg, 1982; Chin & Goldstein, 1981), but the effect 
depends on membrane lipid composition and depth (Chin & 
Goldstein, 1981, 1984). Chin and Goldstein (1977) found that 
appreciable disordering of spin-labeled erythrocyte and brain 
membranes occurs at low aqueous concentration of ethanol 
(1 1-44 mM) in contrast with our results for SR membranes. 
The discrepancy is probably a consequence of the different 
methods used and/or due to different membrane locations of 
Py(3)Py and EPR probes. Nevertheless, regardless of the 
absolute effects, our results are still adequate for comparative 
purposes about the relative fluidizing effects of the alcohols 
under study. 

Arrhenius plots of the Py(3)Py excimer formation in SR 
membranes consistently display a slight discontinuity at about 
20 "C related with a structural change in the lipid moiety of 
the membrane (Almeida et al., 1982). Whereas ethanol and 
butanol do not significantly affect the break position, hexanol 
displaces it to lower temperatures (Figure 3). Therefore, 
hexanol seems to interact differently with SR membranes 
similarly as described above for DMPC bilayers. A favored 
hexanol partition at the lipid-protein interfaces could, in 
principle, explain the effect. If occurring, the effect would 
result in perturbation (loosening) of lipid-protein interactions 
which would likely be reflected in functional parameters of 
Ca2+ pump as we shall discuss. 

Effect of Alcohols on Uncoupled ATPase Activity of 
Sarcoplasmic Reticulum. Hydrolysis of ATP catalyzed by 
the CaZ+-ATPase from native vesicles of SR increases during 
the transport of Ca2+, until it reaches a low steady-state value 
when most of the added Ca2+ has been stored inside the vesicles 
(Weber et al., 1966; Hasselbach, 1964). The pumping process 
coupled to Ca2+ accumulation is only observed under condi- 
tions that allow the formation of a transmembrane gradient 
of Ca2+ concentration. Ca2+ ionophores and detergents un- 
couple the process by preventing the accumulation of Ca2+, 
whereas the ATP hydrolytic activity at high rates persists until 
all the added ATP is hydrolyzed (Carvalho & Madeira, 1974). 

Figure 5 shows the effect of ethanol, butanol, and hexanol 
on the uncoupled Ca2+-ATPase activity a t  20 "C. Ethanol 
decreases the ATP-splitting activity over the entire range of 
concentrations used, whereas hexanol and butanol, below 0.01 5 
and 0.15 M, respectively, enhance the activity; however, above 
these concentrations, a drop in activity is experienced by the 
ATPase. It should be emphasized that the inhibitory effects 
observed for ethanol are not related to enzyme denaturation 
since no effect of incubation time (up to 60 min) was noticed. 
Interesting are the findings that the effects of hexanol and 
butanol are clearly different (Figure 5). Thus, butanol has 
a significant inhibitory effect at membrane concentrations 
which induce only minor changes in the case of hexanol. The 
latter only induces significant inhibition at extreme high 
concentrations in the membrane. 
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FIGURE 5 :  Activity of uncoupled ATP-splitting activity of sarcoplasmic 
reticulum as affected by different concentrations of alcohols. The 
activities were determined at  20 "C in 2 mL of media (50 mM KCl, 
5 mM MgCl,, and 5 mM Tris, pH 6.9) containing 40 fiM CaC12, 25 
fiM of ionophore lasalocid (formerly X-537A), and 0.27 mg of 
membrane protein. Alcohols were added directly to the final reaction 
mixtures in a thermostated vessel under continuous stirring, and the 
reactions were started by adding 1 mM MgATP, after 2 min of 
preincubation. Activities were monitored by recording the proton 
production due to ATP hydrolysis. The results are expressed as percent 
of controls of SR incubated in similar conditions in the absence of 
alcohols (100%). (0) Ethanol; (0) 1-butanol; (A) 1-hexanol. 
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FIGURE 6 :  Effect of primary alcohols on Ca2+ uptake and coupled 
ATP hydrolysis in SR membranes. The different concentrations of 
alcohols were added to the final mixtures, and the reactions were 
monitored at  20 "C, after 2 min of preincubation. CaZ+ uptake was 
monitored by the use of a CaZ+ electrode, and the hydrolysis of ATP 
was monitored by following the production of protons with a pH 
electrode as indicated under Materials and Methods. Data represent 
normalized values of Ca2+ taken up and ATP hydrolyzed at  1 min 
after startin the reactions. Full symbols, ATP hydrolysis; open 
symbols, CaR accumulation. (0) Ethanol; (0) I-butanol; (v) 1- 
hexanol. 

Eflect of Alcohols on Ca2+-Pump Efficiency. Data on the 
effects of ethanol, butanol, and hexanol on Ca2+ uptake and 
ATP hydrolysis are summarized in Figure 6. Ethanol leads 
to a decrease of Ca2+ uptake and ATP hydrolysis in contrast 
with hexanol which leads to an increase of both activities of 
Ca2+ pump. Butanol mimics to some extent the effect of 
ethanol, but above 50 mM, a stimulation of ATP hydrolysis 
is induced without corresponding activation of Ca2+ accu- 
mulation. Conversely to the proposal of Kondo and Kasai 
(1973), the decrease of Ca2+ accumulation induced by ethanol 
is not related with membrane leakage, since it closely parallels 
the ATP-splitting activity of the pump. Actually, ATP hy- 
drolysis coupled to the translocation of Ca2+ is controlled by 
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Table I 1  Ca’+/ATP (Molar Ratio) As Affected by Primary 
Alcohols 

ethanol I-butanol 1-hexanol 
M Ca2+/ATP M Caz+/ATP M Ca2+/ATP 

0 1.53 0 1.55 0 1.67 
0.05 1.54 0.01 1.60 O.OM)5 1.69 
0.10 1.58 0.02 1.63 0.0010 1.61 
0.25 1.49 0.05 1.63 0.0025 1.58 
0.50 1.61 0.10 1.38 0.0050 1.52 
0.75 2.00 0.15 1.16 0.0100 1.51 
1.00 2.22 0.20 0.90 0.0150 1.56 
2.00 2.23 0.0200 1.63 

the transmembrane Ca2+ gradient (Carvalho & Madeira, 
1974). Therefore, membrane leakiness would result in un- 
coupling by releasing the ATP hydrolysis from the control 
exerted by the transmembrane ion gradient. Rather, the en- 
ergetic efficiency of Caz* pumping in terms of CaZ+/ATP 
(Table 11) is maintained or even increased at high concen- 
trations of ethanol. However, the values of Caz+/ATP at  
concentrations higher than 0.5 M may contain significant 
calculation errors, as a consequence of the low activities 
measured in these conditions. 

The effect of hexanol is markedly opposed to that of ethanol. 
Thus, the activities of Ca2+ pump are both stimulated, indi- 
cating that the effect is exerted on the pumping rate; never- 
theless, the energetic efficiency of Ca2* pumping (Ca”/ATP) 
is not appreciably modified (Table 11). Again, our results do 
not support the Kondo and Kasai (1973) conclusion on leaking 
effects. The only agreement refers to the action of butanol 
for concentrations above 50 mM; accordingly, hutanal un- 
couples the pump system by inducing membrane leaks, as 
suggested by the decreased efficiency (Ca2+/ATP) of Ca2+ 
pumping (Table 11). 

The discrepancy between our results and those of Kondo 
and Kasai (1973) is probably related with the methodologies 
and conditions used. We followed the kinetics of Ca” uptake 
and ATP hydrolysis by direct methods using electrometric 
recording systems. However, Kondo and Kasai (1973) de- 
termined Ca2+ uptake by Millipore filtration. This technique 
is subjected to potential artifacts in the presence of membrane 
active agents as described for diethyl ether (Salama & Scarpa, 
1980). These agents can alter the trapping characteristics of 
filters in addition to artifacts of increased membrane damage 
produced by pressure gradients and deformations during fil- 
tration (Salama & Scarpa, 1980). Furthermore, by using 
filtration, we consistently obtain depressed Ca*+ accumulation 
(about half), as compared with direct measurements with the 
Caz+ electrode (not shown). 

Effects of Alcohols on the Caz+-Pump Activity in the 
Presence of Oxalate. The above studies were substantiated 
by determining the effect of uptake and coupled ATPase ac- 
tivity in the presence of the Ca2+-trapping agent oxalate. 
Intravesicular Ca” is then osmotically inactivated, preventing 
it from recycling and also avoiding depression of the pump 
activity imposed by building up of transmembrane Ca2* 
gradients. Consequently, Caz+ uptake virtually proceeds until 
all the added Ca” is taken up. Simultaneous ATP hydrolysis 
proceeds at high rates until maximal Ca2+ loading of the 
vesicles is attained, at which time the rate of ATP hydrolysis 
approaches zero (Almeida et al., 1984). The effects of alcohols 
on Ca2*-pump activity, as expressed by ATP hydrolysis, are 
shown in Figure 7. Ethanol considerably extends the time 
interval required for the uptake of Ca2+. However, the amount 
of ATP hydrolyzed at the onset of the steady state is only 
slightly affected, thus reflecting the maintenance of pump 

FIGURE 7: Effect of primary alcohols on the Ca’+-pump activity in 
the presence of oxalate. (A) Ethanol; (B) I-butanol; (C) I-hexanol. 
The activities were determined at 20 OC in media containing 50 mM 
KCI, 5 mM MgCI,, 5 mM Tris, pH 6.9, 5 mM potassium oxalate, 
0.5 mM MgATP, and 0.27 mg of SR protein. The reactions were 
started by adding 0.2 mM CaCI, 2 min after addition of alcohol. The 
hydrolysis of ATP was monitored by following the production of 
protons with a pH electrode. Alcohol concentrations (M) in lipid 
suspensions are indicated for each curve. 

efficiency (Caz+/ATP). As described above for studies in the 
absence of oxalate, ethanol only decreases the rate of Ca2+ 
pumping without affecting its efficiency. 

Ethanol affects DMPC lipid bilayer organization as detected 
by Py(3)Py, calorimetry, and X-ray diffraction, but small 
effects were detected in SR membranes at concentrations up 
to 0.5 M. Yet, a t  these concentrations, ethanol markedly 
inhibits the coupled and uncoupled Ca2+-pump activities. Since 
S R  lipid structure organization is not appreciably affected, 
it is tempting to conclude that ethanol interacts superficially 
with the membrane, affecting either lipid-protein polar in- 
teractions or interacting directly with the polar extrinsic moiety 
of the Ca2+-ATPase enzyme which contains the active sites 
for ATP and Caz+ interaction. Dielectric constant alterations 
at the active site by ethanol presence may also be involved in 
depression of the Ca2*-pump rate. This effect could be me- 
diated by interference with hydration and dehydration steps 
occurring during the Ca2+ translocation cycle (Dupont, 1983). 

Similarly to ethanol, butanol up to 0.15 M also extends the 
time interval required for the uptake of Ca’* while the en- 
ergetic efficiency of Ca2+ pumping (Ca2+/ATP ratio) is 
maintained (Figure 7B). Above 0.15 M, the inhibition of the 
Ca2* pump is associated with a decrease of energetic efficiency 
which reflects partial uncoupling, as a consequence of mem- 
brane leakiness, as previously suggested (Kondo & Kasai, 
1973; Hara & Kasai, 1977). Our studies in the absence of 
oxalate (Figure 6 and Table 11) provide similar qualitative 
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ganization in model membranes of DMPC and SR lipids or 
in native SR membranes as detected by intramolecular excimer 
formation of incorporated Py(3)Py, calorimetry, and X-ray 
diffraction. The alcohols have a fluidizing effect on mem- 
branes, but their potency depends on concentration in lipid 
suspension and on aliphatic chain length. Additionally, hexanol 
extensively perturbs the lipid organization as revealed by the 
alteration of phase transition cooperativity in DMPC bilayers 
and of the lipid bilayer thickness. 

The different effects of the alcohols on the activity of SR 
membranes ruled out a unitary mechanism of action on the 
basis of fluidity changes. Whereas ethanol inhibits the Ca2+ 
pumping, hexanol stimulates it. Nevertheless, the energetic 
efficiency of Ca2+ pumping (CaZ+/ATP), regardless the ab- 
solute pumping rates, is maintained. Similarly to ethanol, 
butanol also decreases the Ca2+-pumping rate over a limited 
range of added concentrations. However, the energetic effi- 
ciency of Ca2+ pumping is decreased at higher concentrations. 
Depending on the chain length, the alcohols interact with the 
SR membranes in different regions, perturbing differently the 
Ca2+-pump enzyme. Apparently, some of the effects of ethanol 
and butanol may be related to alteration of lipid-protein polar 
interactions or to direct interaction with the polar moiety of 
the Ca2+-ATPase itself. Presumably, the effect of hexanol is 
mainly exerted through alterations of physical properties oc- 
curring in the lipid phase or lipid-protein interfaces. These 
alterations modulate the Ca2+-pump activity. 

DMPC, 13699-48-4; ATP, 56-65-5; ATPase, 
9000-83-3; Ca, 7440-70-2; EtOH, 64-17-5; BuOH, 71-36-3; HO- 
(CH2),Me, 1 1  1-27-3. 
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evidence, although the uncoupling effect is already detected 
for butanol concentrations above 0.05 M. The Ca2+-seques- 
tering action of oxalate effectively aborts development of large 
Ca2+ gradients across the membrane, thus opposing efflux of 
Ca2+ in conditions of partial leakiness induced by moderate 
concentrations of butanol. However, at higher concentrations, 
oxalate cannot compensate for the extensive membrane dam- 
age induced by butanol. Lenaz et al. (1975, 1978) have 
claimed that butanol affects ATPase activity and properties 
in mitochondria through the perturbation of lipid bilayer en- 
vironment of membrane proteins; however, Vanderkooi et al. 
(1 98 1) pointed out that those effects may as well be related 
to direct interaction with membrane proteins rather than with 
lipids. Garda and Brenner (1984) have also provided evidence 
that the activity of some microsomal membrane-bound en- 
zymes can be accelerated by an increase of membrane fluidity 
induced by butanol. Our results cannot overrule the possibility 
that some of the effects of butanol on membranes are mediated 
in part by the increase in membrane fluidity, but a clear 
correlation between membrane fluidity and SR activity cannot 
be established, 

Conversely to ethanol and butanol, hexanol stimulates the 
Ca2+-pump rate, since the time required for the uptake of Ca2+ 
is decreased (Figure 7C); nevertheless, the Ca2+/ATP ratio 
is not significantly affected, as in the case of oxalate absence. 
As concluded from the described physical studies on DMPC 
bilayers and SR membranes, hexanol presumably interacts 
deeply as compared with more superficial interactions of the 
other alcohols. Additionally, hexanol perturbs the bilayer 
organization in a different way, interfering with the cooperative 
association of lipid molecules (Figures 1 and 2) and increasing 
the bilayer thickness significantly (Table I). Moreover, its 
fluidizing potency is remarkable either in DMPC or in SR 
membranes (Figures 1,3, and 4). On the other hand, hexanol 
is the only alcohol that specifically stimulates the Ca2+ pump, 
strongly suggesting that this effect is mediated through al- 
terations of physical properties occurring in the lipid phase 
or at lipid-protein interfaces. Therefore, we suggest that 
modulation of membrane fluidity by hexanol regulates the 
Ca2+-pump activity presumably by affecting the conforma- 
tional flexibility of the Ca2+-pump system. 

Previous conclusions of East et al. (1984) that membrane 
fluidity does not regulate the CaZ+-ATPase of SR are faulty. 
The ATPase of SR has been reconstituted into phospholipid 
bilayers of different fatty acyl chain length. Therefore, the 
bilayer fluidity has been changed simultaneously with the 
membrane thickness. The effect of bilayer thickness on the 
ATPase activity (Johannsson et al., 1981) was not taken into 
account by East et al. (1984). Therefore, their conclusions 
about the effect of fluidity are premature. We have already 
shown (Almeida et al., 1984) that the decrease in membrane 
fluidity induced by incorporation of cholesterol is likely to 
impose physical constraints upon the ionophoretic pathway of 
the SR Ca2+-pump system, decreasing its activity. Therefore, 
the opposite effect resulting from membrane fluidization in- 
duced by hexanol strongly supports the hypothesis that mem- 
brane fluidity modulates the activity of the Ca2+-pump system. 
Enzyme inhibition (uncoupled activity) observed at high 
hexanol concentrations is presumably related with lipid 
withdrawal from direct contact with the enzyme; lipid to 
ATPase effective ratio may, thus, decrease below the critical 
value of about 30-40 (Hesketh et al., 1976; Benett et al., 
1980). 

CONCLUSIONS 
Ethanol, 1-butanol, and 1-hexanol perturb the bilayer or- 
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