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Alcohols produce reversible and irreversible acceleration of 
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The slow, non-mediated transmemb,'ane mtwement of  the lipid probes lysophosplmtidyleholinc, NI3D-phosplmlidylcholinc and 
NBl)-phosphatidylscrine in human crythrocytcs becomes highly enhanced in the presence of I-alkanols ( C , - C s )  and 1,2oalkane 
diols ( ( '4-Cs) .  Above a threshold conccntn|tion characteristic for each alcohol, flip rates increase exponentially with the alcoh~ 
concentration, The equicffcctive concentrations of  the alcohols decrease about 3-fold per melhylenc added. All I~alkanols 
studied are cquielfeclivc at comparable calculalc~! membrane concentrations. This is also observed or the i,2-.'llkane diois, albei! 
,'it a 5-fold lower nicmbr:mc conccn;~ation. At low alcohol concentrations, flip enhancement is reversible to a major extent upon 
remtwal of  the alcohol, in contrast, a residual irreversible flip acceleration is observed following removal of the alcohol after a 
treatment at higher concentrations. The threshold concentrations to produce irreversible flip acceleration by I-alkanols and 
1,2-alkane diols arc 1.5- and 3-fi~ld higher than those for flip acceleration in Ihe presence of the corresponding alcohols. A causal 
role in reversible flip-acceleration of a global increase of  membrane fluidity or membrane polarity seems to be unlikely. Alcohols 
may act by increasing the probability of formation of transient stn,ctural defects in the hydrophobic barrier thai already occur in 
the native membrane. Membrane defects responsible for irreversible flip-acceleration may result from alterations of membrane 
skeletal proteins by alcohols. 

Introduction 

The sinew non-mediated transbilayer rcorientation of 
phospholipids and rehtted analogues in the cry. throcyte 
membrane becomes highly enhanced after oxidative 
modification of membrane proteins [I-3], following 
heat denaturation of the membrane skeletal protein 
spectrin [4,5] upon an increase of the intracellular 
Ca 2+ concentration [6], in the presence of local anes- 
thetics [7] or after insertion of channel-forming antibi- 
otics [7,8] and bacterial toxins [7] into the membrane, 
as well as tollowing electrophoration of the membrane 
permeability barrier [9]. Flip acceleration was postu- 
lated t,, result from a perturbation ef the membrane 
lipid bilayer at the l ip id/prote in  interface or in the 
bulk lipid domain [10,11]. Flip accelerations are usually 
paralleled by an increase of leak permeabilities to ions 
and small hydrophilic non-electrolytes [2,3,7,10-12], 
taken to indicate the formation of aqueous leaks in the 
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hydrophobic barrier. The mechanistic relationship be- 
tween the two phenomena is presently not clear, The 
aqueous leaks might be envisaged as the product of a 
local or general decrease of membrane hydrophobicity 
on top of fluc:uating defect structures existing in the 
native permeability barrier. Leak permeabilities and 
colloid-osmotic lysis were also observed upon incuba- 
tion of erythrocytes with aliphatic alcohols [13-17]. 
Recently, an alcohol-induced increase of erythrocyte 
membranes permeability to large hydrophobic ions 
could be described in terms of an alcohol-induced 
increase of the dielectric, constant of the hydrophobic 
membrane core ( 'membrane polarity'), using the 
Born-Parsegian equation [18]. Such a decrease of mem- 
brane polarity will lower the energy barrier which has 
to be overcome by ions penetrating the lipid bilayer, 
and, thus, probably also by the polar head-group of a 
phospholipid in the course of flip-flop. Since ion per- 
meability is exponentiali~ related to the height of this 
energy barrier, even a small decrease of the barrier will 
enhance permeability and flip rates to a great extent. 
This concept has been questioned on the basis ~t" 
experiments on pure lipid membranes [19], showing 
that alkanes, which are not expected to change the 
membrane dielectric constant, increase proton Ica!~,o 
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permeability like 1-alkanols. There is presently no con- 
sensus concerning the mechanism of alcohol-induced 
enhancement of the permeability of lipid membranes 
to charged compounds in contrast to the permeability 
to non-electrolytes, for which stimulating effects of 
alcohols are usually assigned to an enhancement of 
membrane 'fluidity' [14,18]. 

The present study aimed to investigate the effect of 
insertion of 1-aikanols and 1,2-alkane diols into the 
erythroeyte membrane on the translocation of 
phospholipid probes between the two leaflets of the 
membrane bilayer. 

Materials and Methods 

Materials 
Human blood anticoagulated by citrate was ob- 

tained from the local blood bank and used with 7 days. 
After centrifugation, the supernatant and the buft~, 
coat were carefully removed and erythrocytes washed 
three times with isotonic saline, l-[t4C]Palmitoyl-l- 
lyso-3-phosphatidylcholine (spec. act. 56 mCi/mmol) 
was purchased from Amersham. The alcohols were of 
the highest purity available. Fatty-acid-free bovine 
serum albumin was from Paesel (Frankfurt) and Dex- 
tran 4 (M, 4000-60000) from Serva (Heidelberg). Bee 
venom phospholipase A,  was from Boehringer-Man. 
nheim. Phospholipase D (Streptomyc(:~ species) and 
poly(ethylene glycol) (PEG) 6(XX) were from Sigma. 
l-oleoyl-2-[ N-(7-nitrobenz-2-oxa. 1,3-diazol-4-yl)amino- 
hexanoyl]-sn-glycero-3-phosphocholine ~NBD-PC) and 
N-dansyl-phosphatidylethanolamine were obtained 
from Avanti Polar Lipids (Birmingham, USA}, NBD- 
phosphatidylserine (PS) was prepared from NBD-PC 
by transphosphatidylation using phospholipase D ac- 
cording to Ref. 20 in a biphasic system of ethylacetate 
and water containing Mes buffer (pH 5,6), 3.4 mol I- 
serine and 80 retool I= t Ca"* (60 rain, 30°C), After 
addition of EGTA and lipid extr~:ction, NBD-PS was 
purified by thin-layer chromato[,:aphy. 

Incubation medium A used in experiments with 
PEG contained (retool I-t): KCI (90), NaC! (45) and 
Na,HPO~/NaH,PO4 (12.5) (pH 7.4). Incubation 
medium D used in experiments with alcohols was 
Medium A supplemented with 4(; mmol i-~ Dextran 4 
(M r 4(}00-60(10)(final osmolarity 380 mmol I-t). Dex- 
tran provides protection against colloid-osmotic lysis by 
alcohols, Incubation medium C contained (mmoll-I):  
KCI (14{I), Hepes (20) and MgCI z (0.5}. 

Meth¢Ms 
Measurement of  flip-flop. The movement of 

[~'~C]lysophosphatidylcholine to the inner membrane 
leaflet after its prior insertion into the outer leaflet was 
measured by the time-dependent decrease of ex- 
tractability of the lipid probe from ihe cells by albumin 

as described before [1]. Briefly, 10 pl  of radioacuvely- 
labeled palmitoyllysophosphatidylcholine in ethanol 
(2 nmol) was transferred to a l-ml tube and evaporated 
to dryness. Subsequently, 80/LI erythrocyte suspension 
in medium A or D (hematocrit 50%} were added and 
the vial shaken for 2 rain at room temperature. After 
addition of 1 ml of medium, the cells were sedimented 
by centrifugation, the supernatant removed and 360 ~l 
of medium added. This suspension was then trans- 
ferred to a new tube and incubated at 37°C. After 
different incubation periods, 20-pl samples were mixed 
with 400 #! of medium at 0*C, the cells isolated by 
centrifugation and the supernatant removed. To quan- 
til~ the total membrane-bound n4C-labeled lysophos- 
phatidylcholine, cells were lyscd with 20(1 #l water. To 
quantify the labeled lipid in the inner leaflet, the cells 
wcrc extracted twice (! -2  rain, 0°C) with 4q}0/~! 
medium containing !.5~, albumin, washed once with 
l ml medium and lyscd with 200 pl water. Lysates 
were added to 3 ml scintillatkm fluid and radioactivity 
was counted. The albumin-incxtractablc (inner leaflet) 
fraction of [14C]lysophosphatidylcholine was calculated 
from the ratio of radioactivities in the two lysatcs. Flip 
rates were derived from the time-dependent increase 
of this inner leaflet fraction during the initial phase. 

To measure the flip of NBD-phospholipids, 5 pl  of 
a stock solution of NBD-PC or NBD-PS in ethanol 
(0.1 m m o l l  ~ } were mixed (22°C) with 1 ml of an ery- 
throcyte suspension (hemat~crit 10%). After 5 rain cells 
were washed with buffer aad flip rates measured using 
the albumin extraction m ~thod described above. Cells 
Irom i(ll)-pl samples we,., isolated by ccntrifugation 
and hemolysed either d rectly (total fluorescence} or 
following albumin cxraction (inner leaflet fluores- 
cence) by mixing with 10(I/zl water. Subsequently, lipids 
were extracted with 800 #l isopropanol [21]. After cen- 
trifugation, the supernatants were transferred to a cu- 
vette and fluorescence was measured at 523 nm (exci- 
tation at 472 nm; spectrofluorimeter Jobin-Yvon JY3). 

Flip measurements hi the presence of alcohol, After 
insertion of the lipid probe into the membrane, the 
cells were resuspended in medium D (hematocrit il)%), 
containing the alcohols and the flip rates were meas- 
ured as described above. Alcohol concentrations given 
refer to the amount of the alcohol per liter of final 
erythrocyte suspension. 

Flip measurements a]'ter pretreatment with alcohol. 
Erythrocytes were suspended in medium D (hematocrit 
10%) containing alcohol and incubated for 15 min at 
37°C, unless indicated otherwise. To remove the alco- 
hol cells were isolated by centrifugation, resuspended 
in medium D and incubated (5 min, 22°C). This wash- 
ing procedure was repeated twice. Subsequeatly, ccl!s 
were isolated by centrifugation, the lipid probe was 
inserted into the membrane and flip rates measured as 
described above. 



3 7  

l-- 

t~  
f ' t  
~e 

60! ;x 

Q ' I I  ~ 
/z 

40 J ? o - o - - - o  

O . O  . 
i 0 0 . /  . i '  

20/{/0// .."" 
l / O ~.@'~" . . . .  0 --0 
I/ d ..,°" _o__o--o--~" - ~ A  
,t~..~_t ~ A__ A-.-  A - -  A . - - - ,  

30 60 90 120 I%0 
MINUIES OF FLIP 

II • • 
/ 

: '( ' i  ° "  ° 

~P~,  * o o o 
Llo",, ¢ ^ o o A -  A 

011? . j~ i : _~ :  : ~ : - . .  ~ - * _. . . 
I) 30 60 qO 12i~ lh(; 

MINUIE'.~ '.)F- FL]P 
Fig. !. Concentration-dependent enhancement of the flip rate of lysophosphalidylcholinc in the presence of I-butanol (A) and i,2-butanediol (B). 
Transbilayer reorientalion (flip) of lysophosphatidylcholine wins defined by the time dependent increase of inextractability of the lipid probe by 
albumin (see Materials and Methods). (A) I-Butanol (mmoll t); t| (A), 113 (o), 135 (°) .  158 (o), 1811 (o) and 225 (A). (B) 1,2-Bulanediol 

( m n l o l l  t ); 11 ( v ), 5411 (0), 7211 (0) ,  8111 ( 0 )  and 111811 (o). 

Flip measurements ha pr,:vence Of lmly(ethyh;ne glycol) 
(PEG) 0000. Erythl'ocytes preioaded with lipid probe 
were suspended (hcmatocrit 10%) in medium A con- 
taining 12, 15 or 17% PEG (w/w). In order to have the 
same number of cells in every sample taken for flip 
measurements despite the progressive aggregation of 
cells in the presence of PEG, the suspension was 
immediately divided into 50-/~1 aliquots which were 
then incubated at 37°C. After increasing time intervals, 
one of these aliquots was mixed with 400/~l of ice-cold 
medium D and the albumin-))extractable fraction of 
the lipid probe determined as described above. 

Measurement of the surface dielectric constant. Sur- 
face dielectric constants of the membrane were esti- 
mated using the method described for lipid vesicles by 
Ohki and Arnold [22]. Since the N-dansyl-phospha- 
tidylethanolamine originally used in this method does 
not spontaneously insert into erythrocyte membranes 
we used its lyso-derivative. This was prepared by enzy- 
nmtic cleavage of N-dansyl-phosphatidylethanolamine 
in the presence of ILl mg Triton X-100 in 1 ml of a 
solution containing 5 mmol I- t Hepes and !mmol  I - 
CaCI 2 with 211 IU phospholipase A 2 (37°C). After 15 
rain, the enzymic activity was blocked by EDTA 
(3 mmol I- t final concentration). N-dansyl-lysophos- 
phatidylethanolamine (1% of membrane phospholipid) 
was then inserted into the membrane of resealed ghosts 
(10% suspension) prepared according to Ref. 23. After 
centrifugation the ghosts were resuspended into 
mediunt C (1% suspension) and the fluorescence spec- 
trum scanned with a spectrofluorimeter (Jobin-Yvon 
JY3) using an excitation wavelength of 340 nm. Shifts 
by alcohols of the emission maximum were assumed to 
report polarity changes of the environment of the polar 
head-groups of membrane phospholipids. 

By comparison of these shifts with shifts of the 
emi,~sion maximum of N-dansyl-lysophosphatidyl- 
ethanolamine in various organic solvents with known 
dielectric constants an apparent membrane surface di- 

electric constant could be derived. Fen" the unmodified 
nlembrane, this was about 27. 

R e s u l t s  

Acceleration of  flip hz the pre:¢ence of alcohols 
!. l-Alkanols. The presence of l-alkanols in the flip 

medium results in acceleration of the slow inward 
translocation of '4C-labeled lysophosphatidylcholine. 
As a typical example, flip acceleration by increasing 
concentrations of l-butanol is shown in Fig. IA. In 
order to obtain a more quantitative comparison of the 
effectiveness of different alcohols, initial flip rates were 
derived from the time-course of translocation of the 
lipid probe. Values obtained in the presence of alcohol 
(k) were ncrmalized to those in its absence (k.)  and 
plotted vs. the logarithm of the alcohol concentration 
(Fig. 2 ) .  The slop," of the curve,,: L,; independent of ~he 
alcohol used. When the data are plotted on a double 
logarithmic scale, they can be fitted by straight lines. 
From the slopes of these lines, an apparent order of 

~ I00 
2 

'50 
,:2 

e-j 

Co 
II 
I 

C4 C3 
O' 

J @ 

C2 
o 
I 

o 
/ 

" " / ° 
/ / 

m A 

I 0 100 ] 000 I [,'000 
1-ALKANOL ( mmol 1-1 ) 

Fig. 2. Dos~z-response curves for the enhancc,nenl of the fl ip r;tle el. 
lysophosphatidylcholine by various I-alk.'inols. The normalized illitial 
flip-rates ( k / k  0) for hexanol (Ill), bulaltol (II }, propanol to ) and 
elh:lulol (ill derived from the t i t le-dependent  increase of Iransl-,ihiyer 
reorienlatk)n (el., Fig. 1) are pit)tied against the noltarithm of Ihe 
alcohol concentration, k, flip rate in presence of alcohol; k . ,  flip 

rate in the absence el, alcohol (0.028 A 0.008 h n, n = 47). 
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about 5 was derived h)r the concentration dependence 
of alcohol-induced flip. Such a. high order was also 
observed ti}r alcohol-induced hemolysis [16,24] and can 
be described i n  terms of a cooperative membrane 
effect of the alcohols. The effectivity of the alcohols 
increases with the length of their hydrocarbon chain. 
The threshold concentration is ahout 101)0 m m o l l '  
for ethanol and decreases 10-fold for every increase of 
the chain length by 2 C-atoms, i.e., to about 
100 mmol I- t for butanol and to about 10 mmol I I for 
hexanol (Fig. 2). 

A plot of the logarithm ,)f alcohol concentrations it) 
the medium required to produce a 6-fi)ld increase of 
flip rate vs. the alcohol chain-length gives a straight 
line (Fig. 3). On average, each additional methylene 
increases the alcohol potency 2.~)-fold. Since the vari- 
ous alcohols have different membnme solubilities, a 
comparison of their effectivity is tntditionally based on 
membrane concentndions. Equicffcetivc alcohol con- 
cent~ations in the aqueous medium were converted 
into equieffective membrane concentric]ions using 
membrane/water  partition coefficients. Directly meas- 
ured partition coefficients fi)r the erythroeyte mem- 
brane are oub a~,,iilabl~ fat p,,.:illaill.ll, hexanol, h~;p- 
tanol and octanol from the work of Seeman [251. Since 
the membrane/water  partition coefficients of various 
drugs were regularly found to be 5-times smaller than 
the corresponding octanol /water  partition coefficients, 
he calculated membrane /water  partition coefficients 
for ethanol, propanol and butanol from their oc tanol /  
water partition coefficients. We plotted Seeman's 
membrane/water  partition coefficients against the al- 
cohol chain-length on a sere]logarithmic scale and fit- 
ted the data by a linear regression. Using membrane /  
water partition coefficien{s derived from this regres- 
sion line (.see the legend to Fig. 4), membrane concen- 
trations of various alcohols producing 2-, 6- and 20-fold 
increases of flip rates were determined and reploited 
against the number of C-atoms of the alcohols. From 
Fig. 4, it becomes clear that the alcohols are approxi- 
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mately equieffeetive at the same membrane concentra- 
tions, independent of their chain length. 

Flip accelenltion by butanol was also observed for a 
fluoresccntly labeled diacylphosphatidylcholine (Fig. 5). 
Starting at about 70 m m o i l  t, the slow non-medialed 
flip of NBD-phosphatidylcholine (k approx. (I.IJ2 h - t )  
became significantly accelerated. The threshold con- 
centration of butanol in the medium was somewhat 
lower in the case of this probe than in the case of the 
monoa~.ylphosphatidylcholine p[obc (Fig. 5, dolled 
line). As observed l'~)r !ho flip of lysophosphatidyl- 
choline, lhe alcohol potency increases with increasing 
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Fig. 5. l}os¢-response for llle ¢nhancemenl of lhe flip rale of 
Nlll)-laheled phosl~holipids l~y l-bul~,nnl. I. order Io measure the 

non-mediated fl ip of  Nlli)-ph(Isl)hatidylserine (~), the Ilipl)ane itcliv- 
ity was blocked by ATP-depletion of the cells IZ(,]. This wits ohtaiized 
by a treatinent of  cells with iodoacetate (5 mmol l  n. 15 rain, 37°C) 
f~dlowed by an incubation (h0 min. 37°(") ill mediunl cnntaining 
5 nlmoll  t inosine. This treatment decreases cellular ATP to < 2% 
( < ~(:I ,um~)ll t ¢e!l:~) ~.!" the original level (see Rcf. 05). 1"he flip of  
NBD-phosphatidylcholine (o) was measured in freshly washed (high 
ATE') cells. For reasons of comparison, f l ip rates (ff lysophosphatidyl- 
choline in the presence of l-butanol (dotted line) are also show,]). 
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chain length (Fig. 6). By conversion of alcohol concen- 
trations to membrane concentrations using mem- 
b rane /wa te r  partition coefficients (see the legend to 
Fig. 4, for octanol a value of 135 was used), similar 
accelerations of NBD-phosphatidylcholinc flip are (d~- 
tained at comparable membrane concentrations of l- 
alkanols with 2 to 8 C-atoms (data not shown). 

Moreover, l-butanol also accelerated the non-medi- 
ated flip of NBD-phosphatidylserine (Fig. 5) as deter- 
mined after prior blockage, by ATP-depletion of cells, 
of the aminophospholipid flippase which normally cat- 
alyzes its transbilayer reorientation [26]. ATP-dep!eo 
tion suppressed the flip rate by > 99%, whereas no 
measurable effect on the slow ne.mmediated flip of 
NBD-PC was observed (data not shown). The flip of 
NBD-PS remaining after ATP-depletion (k approx. 
1).111 h I) is slower than thai of the non-nlediated flip 
of NBD-PC (k approx. 0.112 h n).  This apparent effect 
of the structure of the pohtr head-group of the phos- 
pholipid on the flip probably reflects the intriilsic prop- 
crties of the flip process and may be responsible fl~r 
the shift of the dose-response curve of NBD-PS to 
higher butanol concentrations compared to that of 
NBD-PC. 

Interestingly, the presence of butanol at concentra- 
tions below that required to enhance non-mediated flip 
of NBD-phosphatidylserine in ATP-depleted cells (11)- 
51) mmol l -  ; butanol) also stimulated NBD-phospha- 
lidyiserinc translocation by the aminophospholipid flip- 
pase in ATP-rich cells (data not shown). A similar 
effect was very recently observed for benzylalcohol [27]. 

2. 1,2-Alkane diols. The equieffectivity of l-alkanols 
(C2-Cs) at the same membrane concentrations sug- 
gests that the introduction of OH-groups into the 
mcmbrane is the detcrminating factor in lilt: stimulat- 
ing effect of l-alkanols on flip acceleration. If this is 
true, alkane diols should be more effective than l-al- 
kanols. To test this assumption, we investigated thc 
effect of a second hydroxyl-group at the 2-position of 
l-alkanols on the flip accelerating effect of alcohols. 
Like the l-alkanols, the 1,2-alkane diols produced a 
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concentntlion-dependent increase of tile flip of lyso- 
phosphatidylcholine, albeit at higher concentrations in 
the incubation medium. ,,ks a typical example, flip 
accelenttion by 1,2-butancdiol is shown in Fig. lB. The 
threshold concentration of 1,2-butaqediol in the 
medium required for flip acceleration is about 5-fold 
higher than that of l-butanol. In Fig. 7, the normalized 
initial flip rates ( k / k , )  obtained for various dio!s are 
plotted against the logarithm of their concentrations. 
As expected, the threshold concentrations in the 
medium required to obtain flip acceleration decrease 
with increasing chain length. 

From a semilogarithmic plot of the equieffective 
concentrations of diols in the medium against their 
chain length (Fig. 3) it becomes clear that each addi- 
tional methylene increases the potency of the diol 
3-fold. The equieffective concentrations of diols in the 
medium were converted into membrane concentra- 
tions. Since no measured partition coefficients for the 
erythrocyte membrane are available, numbers were 
indirectly derived using (i), available octanol /water  
partition coefficients for 1,2-ethanediol [28] and 1,2- 
butanediol [19] and (it), the presumption that the linear 
relationship between the logarithm of the octanol /  
water partition coefficients of 1,2-alkane diols and their 
chain length has the same slope as that for alkanols 
and alkanoic acids [29]. This is a reasonable assump- 
tion since the slope refects the V6G for partition per 
methylene group. Octanol /water  partition coefficients 
were converted into membrane /wate r  partition coeffi- 
cients using a ratio between the two of 5 [25]. A plot of 
the membrane concentrations of alkane diols required 
to obtain 2-, 6- and 20-1old increases of flip rates 
against the chain length of the diols ~,Jves lines with 
slightly positive slopes (Fig. 4). Considering the uncer- 
tainties in the estimation of the partition coefficients of 
alkane diois, it may be concluded that the potency to 
accelerate flip is essentially independent of the chain 
length. 
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Comparison of the membrane concentrations of 
1,2-alkane diols required to induce flip acceleration 
with those for 1-alkanols indicates that the introduc- 
tion of an additional OH-group into the C-2 position of 
an alkanol increases the effectiveness of ;.he alcohol 
about 5-fold, i.e., a diol would be intrinsically more 
effective than a mono-alkanol. 

In addition to enhancement of flip rates, alcohols 
also affect the stationary distribution of the phospho- 
lipid probes between the two membrane leaflets. The 
preference of lysophosphatidylcholine for the outer 
membrane leaflet of untreated cells [30] was shifted to 
an essentially equal distribution in the presence of 
alcohols (cf., Fig. IA and B). Symmetry of distribution 
in the presence of ~dcohois was also observed fl~r 
NBD-phosphatidylcholinc (data not shown). Moreover, 
at high flip rates in the presence of butanol 
(2(HI mmoll ~) the flippase activity is overruled and 
NBD-phosphatidylserine distributes more symmetri- 
cally, 65% in the inner leaflet as compared to 85% in 
the ease of the absence of butanol (daht not shown). 

Flip acceleratum 19, a pretn'uunent o]" erythrocytes with 
ah'ohols 

in further experiments, wc studied the reversibility 
of the alcohol-induced flip acceleratkm. To this end, 
erythrocytcs were treated with various alkanols for 
15 rain at 37°C and the alcohol was subsequently re- 
moved by washing. In the case of I-alkanols, such a 
pretreatment does not affect the flip nttcs up to con- 
centrations 1.5-fold of those required to produce the 
first detectable flip acceleration in the presence of the 
alcohol. In contrast, at higher conccntralions the alco- 
hol-enhanced flip rates arc only partly reversible. Both, 
I-alk~mols (Fit,'. 8A) and 1,2-alkane diols (Fig. 8B) 
induct: a partly irreversible flip-cnl,'mccment. The 
dose-response curves tier these irreversible effects run 
parallel to those obtained in the presence of alcohols 

(Figs. 2, 7 and 8), but are shifted to higher cor centra- 
tions. Related to membrane concentrations, these irre- 
versible effects are independent of the alkanol chain- 
length like the reversible effect. 

The irreversible flip-acceleration increases with in- 
creasing time of exposure of cells to the alcohols (data 
not shown). Moretwer, its extent also increases with 
the temperature of the alc,hol pretreatment (data not 
shown). From the temperature dependence for l- 
butanol pretreatment an apparent activation energy of 
88 kJ/mol  could be derived for this process. Since 
partitioning of butanol from water into the membrane 
has been shown [31-33] to increase with temperature, 
the observed temperature-dependence is partly due to 
a temperature-dependent increase of the membrane 
concentration of butanol. A co,'rection of the measured 
apparent activation energy for this contribution of par- 
titioning is hampered by the tmcertainty, regarding the 
extent of temperature-dependence of membrane parti- 
flouting of btni~ll,ol (see below) and by the ven3~ steep 
dependence of the flip acceleration on the membrane 
concentration of the alcohol (sec Fig. 2). 

Temperature-dependence o!" dw ah'ohol-huhu'ed ,/lip 
lit order Iv further characterize the alcohol-en- 

hanced flip, its temperature-dependence was investi- 
gated, To this end, flip rates of lysophosphatidy[cholinc 
wcrc mcasured at different tenlperaturcs in the pres- 
ence of wlrious alcohols. The apparent activation ener- 
gies calculated from the temperature dependence of 
accelerated flip rates are 13(~ ___ 7 k J/tool for l-hexanol 
(18 mmo[l ~), 138+ 7 kJ/mol for l-butanol 
(225 nnnol I i) and 11 t) _+ ~) k J/ tool  for 1,2-hcxanediol 
(1118 tnmoll + i) and, thus, somewhat higher than the 
value tier the flip in the absence of alcohol (1117+ 7 
k J / t o o l ) ( n  = 3-4, _+S.D.). As outlined above, these 
apparent activation energies have to be corrected for 
temperature-dependent changes of membrane parti- 
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tioning of alcohols. Published data for artificial lipid 
mchto~,t.es suggest thai tl~e membrane partilion coef- 
ficient of l-butanol increases between 1.07- and 1.48- 
fold 131-33] upon an increase of temperature from 311 
to 40°C. Although this increase appears small, it will 
account fi~r a considerable correction of the extent of 
flip acceleration due to the steep dose-response curves 
(Fig. 2) for the alcohol-induced flip. In view of the 
uncertainties in absolute values and the temperature- 
dependence af the partition coefficients, any correction 
of flip rates would bc subjec: ta marked ambiguity. We, 
therefore, decided not to attempt such corrections. 

For cells pretreated with hexanol (18 mmoll-~, 15 
rain, 37°C), an apparent actiwltion energy of 88 k J/ tool  
was derived from the temperature-dependence of lyso- 
phosphatidylcholine flip. in this case, no correction fi~r 
partitioning is required. Although this actiwttion en- 
ergy is still high, it is somewhat lower than that flw flip 
in native cells (107 kJ/mol). 

l-fleet o]' PEG on ]lip rate and changes of surface 
~h~'h'ctric constant 

One of the tentative expianations for effects of 
aliphatic alcohols on membranes claims changes of 
interfacial polarity, i.e., the dielectric constant at the 
membrane surface. Such changes have in fact been 
reported fiw artificial membranes exposed to poly(eth- 
ylene glycol) [22]. In order to test whether an allcred 
ir~tcrfaciai polarity might account for the flip enhance- 
ment by I-alkanols and 1,2-alkane diols, two types of 
experiments were carried out: (a), Flip rates were 
measured in the presence of PEG. h] ~hese experi- 
mc.nts, concentrations of PEG 6111111 of up to 12% 
(w/w) did not result in changes of Ilip rates. At con- 
centrations of 15 and 17%, PEG accelerates flip 2-3- 
fold (data not shown). These accelerations are small 
compared to those produced by alcohols. Higher con- 
eentrations of PEG could not be tested as a result of 
irreversible aggregation of erythrocytes by PEG which 
interfered with the extraction of the lipid probe by 
albumin required for flip quantification. (b), In a fur- 
ther set of experiments, we determined surfi~ce dielec- 
tric constants in the presence of alcohols. Membra'ac 
surfilce dielectric constants as measured by the mem- 
brane probe N-dansyl-lysophosphatidylethanolamine 
decreased from about 27 (see Materials and Methods~, 
in the absence of PEG to 24 at 15% PEG and to values 
below 20 at 20% PEG. This lowering, by PEG, of the 
apparent surface polarity of erythrocytes is in line with 
results obtained with lipid vesicles [22]. In contrast, 
alcohols at concentrations shown to accelerate flip 
rates up to 20-fold did not affect the apparent surfilcc 
polarity. Higher alcohol concentrations even increased 
the apparent surface polarity. For ethanol at 1.9 mol l -  
and hexanol at 25 mmol !- t, it was 30. Moreover, even 
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high concentrations of 1,2-bulanediol (up to 2 moll ]) 
did not affect the apparent membrane-surface polarity. 

Discussion 

In this study, the exposure of crythrocytes to I-al- 
kanols and 1,2-aikane diois has been shown to result in 
a concentration-dependent acceleration of the inward 
translocation of lipid probes such as 14C-labeled mono- 
acylphosphatidylcholine and fluorescent NBD-di- 
acylphospholipids. Large increases of flip rates by alco- 
hols could be measured without interfering colloid- 
osmotic hemolysis by protecting the cells with Dextran 
4 (see Materials and Methods). The I-alkanols with 2 
to 8 C-atoms are cquielTcctive at similar membr:ule 
concentrations calculated on the basis of membrane/  
water partition coefficients. The same is tr ,  e for 1.2-al- 
kane diols. Surprisingly, the introduction of an addi- 
tkmal OH-group into an I-alkanol at the C-2-position 
increases tile effectivity about 5-fold. In line with this 
finding. 1.2-alkanc diols were reported earlier to be 
more cffcctivc than l-alkanols in increasing the cation 
t, ermcability of lipid vesicles [19]. The same is true for 
stimulation of K+-Ieakagc. nnn-electrolyte permeability 
and permeability to the hydrophobic cation mcthyl- 
triphenylphosphonium in erythrocytes (Deuticke, B., 
unpublished data). In an earlier study [34], stimulation, 
by an alcohol analogue, of flip-flop in erythrocytcs was 
reported. Reorientation of diacylphosphatidylcholine 
was showfi to bc enhanced by low concentrations 
(1.2 mmoll - I )  of hexyiglyccrol. Assuming hexylglycerol 
to be structurally related to 1,2-decanediol, the extrap- 
olation of dose-response curves for the 1,2-alkane diols 
(Fig. 5) to 1,2-decanediol would predict flip accelera- 
tion above a threshold concentration of about 
! mmoll-~, which is in the effective range [34]. In the 
present study, we found that a strong enhancement of 
flip rates by alcohols goes along with a more symmetric 
steady-state of distribution of both the outer leaflet 
phospholipid analogues, NBD-lysophosphatidylcholinc 
and NBD-phosphatidylcholine, and of the inner leaflet 
phospholipid analogue phosphatidylserine. In lin~: ~vith 
this observation, benzylalcohol was recently shown to 
abolish the asymmetric distribu|ion of spin-labeled 
phosphatidylcholine between the two membrane 
leaflets [27]. 

At the threshold concentrations for flip acceleration 
by l-alkanols and 1,2 alkane diols, the molar ratios of 
alcohol to membrane and to phospholipid are about 
1:4 and !:20. Flip accelerations at low membrane 
concentrations of alcohols are reversible upon removal 
of the alcohol by washing. Such a reversibility of flip 
enhancement was previously found for the local anes- 
thetic tetracaine [7]. Pretreatment of eo, throcytes with 
higher alcohol concentrations reveals an irreversible 
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component of flip acceleration becoming evident alter 
the removal of the alcohol. 

The hydrophobic membrane core can be regarded 
as the rate-limiting barrier for the transbilayer move- 
ment of the polar head group of phospholipids (see, 
e.g., Ref. 35). Therefore, it would be desirable for the 
discussion of the present results to know the concen- 
trations and concentration profiles of the various alco- 
hols in the membrane. While the absolute values for 
membrane concentrations of alcohols are a matter of 
considerable uncertainty for reasons already outlined 
in the Results section, there is general agreement 
concerning ratios between partition coefficients and, 
thus, membrane concentrations for homologous a!co. 
hols [9,,5,29,36]. Studies on alcohol effects can thus be 
evaluated rather reliably in comparative terms, while 
conclusions based on absolute values have to be re- 
garded with caution. 

A second uncertainty concerns the intramembrane 
concentration profiles of alcohols. Lipid and biological 
membranes are highly anisotropic with respect to po- 
larity and 'fluidity' and the alcohols can therefore not 
be expected to be di:;tributed homogeneously. On the 
one hand, it has been proposed that short chain l-al- 
kanols up to three C-atoms prefer the hydrophilic 
polar head-group domain of the phospholipids [37-411] 
while medium chain l-alkanols with 4-1(i C-atoms 
distribute into the outer hydrophobic segments of the 
acyl-domain [37,401. Others have suggested that alco- 
hols with 1-4 C-atoms distribute into the hydrophobic 
core of the membrane [38,41)]. In any case, tll~: long 
chain I-alkanols (> C-Ill)align between the fatty-acid 
chains of the membrane lipids [37,4(I]. No information 
is available on the localization of short-chain 1,2-al- 
kane diols. On the basis of their greater hydrophilic 
moiety they will probably prefer the hydrophilic inter- 
facial region of the membrane. 

Different concentration profiles fi~r alcohols of dif- 
ferent chain length are somewhat difficult to reconcile 
with the very regular and monotonous variation of the 
effects of homologous alcohols with their partition 
coefficients, which means that normalized to their 
membrane concentrations the effects are independent 
of chain length. This chain-length independence con- 
cerns effects on functions and pmpcrlies of the mem- 
brane located in both, the protein- and the lipid-do- 
main, such as the anesthetic potency [41], inhibition of 
transport of sulfate [421, choline [431 and glucose [441 in 
e~cthrocytes, transformation of biconcave erythrocytcs 
into echint'~j, tes [16], increase of cation permeability in 
erythroc'~tes and resulting hemolysis [16] and flip accel- 
eration in erythrocytes (Fig. 4). 

Several models for the action of alcohols but also of 
other compounds with anesthetic properties on mem- 
branes have to be considered [45]. Two of these seem 
to be very attractive in view of the amphiphilic nature 

of the alcohols and the higher potency of 1,2-alkane 
diols than 1-alkanols to accelerate flip rates (Fi~,. 3) 
and to increase leak fluxes (Ref. 19, and Deuticke, B., 
unpublished data). First, one might envisage an in- 
crease of the polarity of the hydrophobic membrane 
barrier following the introduction of alcohols. Second, 
alcohols might perturb the membrane/water  interface. 
Moreover, an increase of membrane fluidity by the 
alcohols may contribute to flip acceleration, while the 
gradual irreversible flip-acceleration at higher alcohol 
concentrations suggests a causal role for a perturbation 
of membrane proteins. 

Insertion of alcohols into the membrane has been 
found to go along with a decrease of membrane-lipid 
order-parameters [39,46]. However, a decrease of lipid 
order (increase of membrane 'fluidity') is unlikely to be 
the major mechanism of flip acceleration by alcohols 
for a number of reasons. One, alterations of mem- 
brane-lipid order by variation of the membrane- 
cholesterol level or of temperature [46,47], comparable 
in their extent to alterations of order produced by 
alcohols [46,481, result only in minor changes of flip 
rates (4-5-fold [31)]) compared to those produced by 
alcohols (lll0-fold). Two, lipid-order decreases linearly 
with increasing alcohol concentration [49,5(1]. whereas 
flip acceleration by alcohols increases exponentially. 
Three, the alcohol effects on the flip of phospholipids 
(this study) and on transport of the hydrophobic ions 
[18] are strong compared to alcohol effects on the 
non-mediated transport of nonelectrolytes, e.g., eryth- 
,itol (Dcutickc, B., unpublished data). One would not 
expect such differences in the case of an effect based 
t~n clranges of membrane lipid-order. Moreover, 
changes of membrane order by an extreme variation of 
the membrane cholesterol level have only small effects 
on both, diffusion of non-electrolytes through the lipid 
phase [51] and phospholipid flip [30]. 

The anesthetic potency of I-alkanols correlates with 
their capacity to break hydrogen bonds at the lipid/ 
water interface [52]. Binding of alkanols was, therefore, 
claimed to cause dehydration and increased hydro- 
phobicity of the membrane/water interface as weit as 
to increase the fluidity of the membrane core. Hydro- 
gen bonds between water and lipid, between adjacent 
lipids and between lipid and protein may be involved 
[53]. Poly(ethylene glycols) (PEGs) are established 
modifiers of the membrane/water interface [22], ulti- 
mately inducing cell fusion [54]. According to our re- 
sults, low concentrations of PEG produce only a minor 
increase of flip rates in erythrocytes (2-3-fold, see also 
Ref. 54) in spite of a considerable decrease of apparent 
surface polarity. In contrast, I-alkanols and 1,2-alkane 
diols do not affect the apparent surface polarity in 
spite of a considerable flip acceleration. At high con- 
centrations, l-alkanols even seem to shift the polarity 
in the opposite direction. These results do not support 



the view that a modified hydration of the phospholipid 
headgroup region contributes to flip acceleration by 
alcohols. 

Instead of perturbing the membrane /wate r  inter- 
face, alcohols could exert their major effect on the 
hydrophobic domain. The hydrophobic membrane core 
with its low dielectric constant is likely to constitute the 
main energy barrier lbr the transfer of the polar head 
group of phospholipids to the opposite side of the 
membrane (see e.g., Ref. 35). Transfer of ions through 
the membrane will become highly enhanced by even 
very small increases of the membrane dielectric con- 
stant [55] as may be derived from the Horn-Parsegian 
relationship [56,57]; 

,~IFll = q:12r( I /e,. -- I /~ ) ~1) 

This equation relates the dielectric constant of the 
nlembranc core (e,,) to the height of the energy barrier 
(~$1f'il) that has It) be twercome by all ion of radius r 
and charge q when passing the hydrophobic core. E,, is 
the dieleclric constant of the aqueous phase. /~W~ is 
related to the ion-pen:~eability by: 

P ~ I~l c x p  -" f i l l"l l  (21  

I'~ is the permeability of an identical, but uncharged 
analogue. Alcohol-induced increases of ion-permeabil- 
ity of artificial and natural membranes have been as- 
signed to such changes of the dielectric constant [58] 
and have even been modelled quantitatively [18]. A 
comparable quantitative prediction of the expected ef- 
I'ects of alcohols is not possible for  the flip of phospho- 
lipids with zwitterionic head-groups its used in our 
study. However, assunfing a relationship similar to Eqn. 
I to be valid, one can compare effects on flip rates of 
predicted changes of membrane polarity. Rough esti- 
mates of membrane dielectric constants produced by 
various alcohols at equieffcctive membrane concentra- 
tions may be ob~.ained using the Clausius-Mosotti 
equation fi~r the calculation of dielectric constants of 
mixtures of solvents (eL, Ref. 18). For a membrane 
concentration of an I-alkanol of 200 m m o l l  fl, which 
produces it considerable increase of flip rates (6-fold in 
case of lysoplaosphatidyldlolinc), one obtains an in-. 
crease of the dielectric constant of the membrane core 
from a normal value of 2.111 (taken from Ref. 181 to 
2.14 (ethanol), 2.17 (butanol), 2.17 (hexanol), 2.19 {oc- 
tanol) and 2.11 (i,2-butanediol). Thus, the calculated 
increases of the membrane dielectric constant wtry 
with the chain lengths of the alcohol and the increase 
by butanediol is very small compared to changes by 
1-alkanols. This is not readily compatible with the 
equal e×tent of flip enhancement. Moreover, calculated 
increases of the membrane dielectric constant for in- 
creasing alcohol concentrations do not correlate (after 
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conversion into predicted changes of flip rates using 
Eqns. I and 2) with the increases of flip rates actually 
observed under these conditio~:s. These inconsistencies 
may indicate the inapplicability of Eqn. l to zwitterions 
or of the Clausius-Mosotti equation to anisotropic liq- 
uids. Alternatively, the flip acceleiation by alcohe!s 
could be due to a local instead of a global increase of 
membrane polarity. This possibility will be discussed 
next. 

The erythrocyte membrane is a less effective perme- 
ability barrier than a phospholipid bilayer, which is in 
turn a lower and certainly more complex barrier than a 
pure hydrocarbon sheet [19,59]. Moreover, rates of 
phospholipid flip are higher in erythrocytes than in 
pure lipid systems [60]. To explain this difference tran- 
sient detects in the heterogeneous biomembranes act- 
ing as leak pathways [59] and flip sites (see e.g., Ref. 7) 
Imve been discussed. On the basis of this concept, it 
may be postulated that short-chain alcohols (C2-C,~) 
increase the probability of the formation of such tran- 
sient defects a n d / o r  alter their barrier prope,'tics. The 
1,2-alkane diols would be particularly effective. The 
alterations might result from a perturbation of the lipid 
annulus surrounding intrinsic membrane proteins, ei- 
ther by displacement of lipid from the annulus [61] or 
secondary to a direct modification of intrinsic proteins. 
Modifications of intrinsic proteins by alcohols, either 
directly or secondary to a perturbation of the lipid 
domain, are indicated by the inhibitory effects of alco- 
hols on carrier-mediated transports [62]. The butanol 
co,~centration required for 50% inhibition of anion [42] 
aqd choline transport [43] is about 60 mmoll -~*. At 
these low concentrations of butanol, the anlinophos- 
pholipid flippase is stimulated (data not shown, of., 
also Ref. 27). Thus, intrinsic proteins are ah'eady modi- 
fied at alcohol concentrations lower than those re- 
qnired to produce a threshold flip-acceleration (about 
I O0 mmol I - I ). 

in addition to their effects on intrinsic proteins, 
alcohols have been ft;und to perturb membrane skele- 
tal proteins a,s indicated by irreversible changes of the 
cell shape (Ref. 63 and Deuticke, B., unpublished 
data), increase of the membrane skeletal volume [64] 
and increase of the membrane shear modulus [17] by 
alcohols. Perturbation of the membrane skeleton could 
induce formation of small clusters of  intrinsic proteins 
that increase the probability of formation of transient 
defect structures in the hydrophobic domain acting as 
flip sites. Such a perturbation could be responsible for 
reversible flip-acceleration. Perturbation of skeletal 
proteins lasting after removal of the alcohol might bc 
involved in the irreversible flip accelerati,m by alcohol 
pretreatments (Fig. 8) analogous to the causal role of 
oxidative modification of the membrane skeleton in 
flip acceleration [1] and leak permeability [1023]. A 
contribution to the irreversible flip-acceleration (up to 



44 

15-fold, Fig. 8) of a modified bilayer resulting from an 
alcohol-induced decrease of the asymmetric distribu- 
tion of endogenous phospholipids, as anticipated by 
the phospholipid analogues, can not be excluded. 
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