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Abstract

The detergents, alkyltrimethylammonium bromide, N-alkyl-N,N-dimethyl-3-ammonio-1-propanesulfonate (zwittergent),
alkane sulfonate, alkylsulfate, alkyl-B-p-glucopyranoside, alkyl-B-p-maltoside, dodecanoyl-N-methylglucamide, polyethylene
glycol monoalkyl ether and Triton X-100, all produce a concentration-dependent acceleration of the slow passive
transbilayer movement of NBD-labeled phosphatidylcholine in the human erythrocyte membrane. Above a threshold
concentration, which was well below the CMC and characteristic for each detergent, the flip rate increases exponentially
upon an increase of the detergent concentration in the medium. The detergent-induced flip correlates with reported
membrane-expanding effects of the detergents at antihemolytic concentrations. From the dependence of the detergent
concentration required for a defined flip acceleration on the estimated membrane volume, membrane/water partition
coefficients for the detergents could be determined and effective detergent concentrations in the membrane calculated. The
effective membrane concentrations are similar for most types of detergents but are 10-fold lower for octaethylene glycol
monoalkyl ether and Triton X-100. The effectiveness of a given type of detergent is rather independent of its alkyl chain
length. Since detergents do not reduce the high temperature dependence of the flip process the detergent-induced flip is
proposed to be due to an enhanced probability of formation of transient hydrophobic structural defects in the membrane
barrier which may result from perturbation of the interfacial region of the bilayer by inserted detergent molecules. © 2000
Elsevier Science B.V. All rights reserved.
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1. Introduction distribute into cell membranes and thereby, at low
concentrations, produce mixed detergent/lipid bi-
Detergents are soluble amphiphiles that are able to layers. Upon an increase of the detergent concentra-

Abbreviations: C8-, C10-, C12-, C14TAB, octyl, decyl, dodecyl and tetradecyl trimethylammonium bromide; C6, C10S, hexane and
decane sulfonate; C8-, C10-, C12SU, octyl, decyl and dodecylsulfate; C8-, C10-, C12-, C14Z, N-octyl, decyl, dodecyl and tetradecyl-N,N-
dimethyl-3-ammonio-1-propanesulfonate; C6-, C8-, C10-, C12GP, hexyl, octyl, decyl and dodecyl-B-p-glucopyranoside; C10-, C12MP,
decyl and dodecyl-B-p-maltoside; C10-, CI12EO8, octaecthylene glycol mono-decyl and -dodecyl ether; C12EO3, triethylene glycol mono-
dodecyl ether; CI2MEGA, dodecanoyl-N-methylglucamide; C1200H, dodecanoic acid; NBD-PC, 1-oleoyl-2-[N-(7-nitrobenz-2-oxa-1,3-
diazol-4-yl)aminohexanoyl]-sn-glycero-3-phosphocholine; DIDS, 4,4’-diisothiocyanostilbene-2,2’disulfonic acid
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tion, a critical ratio of detergent to membrane lipid is
reached at which saturation of the bilayer with de-
tergent occurs [1]. For phospholipid bilayers, deter-
gent to phospholipid ratios at saturation vary from
0.3 to 2.5 dependent on the type of detergent [2-4].
Above this concentration, bilayers and lipid/deter-
gent micelles coexist which results in solubilization
of membrane lipid and release of mixed micelles
into the aqueous phase [2-4]. Solubilization of phos-
pholipid bilayers by various detergents will be com-
pleted at detergent to phospholipid ratios between
1 and 4 [3,5]. Prior to solubilization of the cell mem-
brane by detergents at concentrations well below
their CMC, detergents have been shown to expand
the membrane surface area of erythrocytes as detect-
able by their antihemolytic effects [6]. At these lower
concentrations, detergents perturb membrane struc-
ture [3,5,7-9] and thereby increase leak permeability
[2,3,6,9] that results in colloid-osmotic hemolysis of
erythrocytes [6].

Previously, leak permeability induced by insertion
of local anesthetics, antibiotics, bacterial toxins and
alcohols into the erythrocyte membrane has been
found to go along with acceleration of the transbi-
layer movement of phospholipid probes [10-14]. Ac-
celeration of this movement by simple 1-alkanols
with 2-8 C-atoms has been found to be comparable
at the same membrane concentration [13].

In the present study, neutral, zwitterionic, anionic
and cationic detergents with different alkyl chain
length (C6-Cl14), at antihemolytic concentrations,
are shown to accelerate the slow non-mediated flip
of NBD-labeled phosphatidylcholine (PC) from the
outer to the inner membrane leaflet of red blood
cells. After determination of membrane/water parti-
tion coeflicients, membrane concentrations of deter-
gents were calculated and effectiveness of various de-
tergents was then compared.

2. Materials and methods
2.1. Materials

Erythrocyte concentrates were obtained from the
local blood bank and used within 10 days. Erythro-
cytes were isolated by centrifugation and washed
three times with isotonic saline. The incubation me-

dium (pH 7.4) contained (mmol 17 1): KCI (90), NaCl
(45), phosphate (12.5) and sucrose (44) (= KNPS) or
Dextran 4 (M;=4000-6000) (= KNPD). The latter
additives protected the cells against colloid-osmotic
hemolysis by detergents.

The detergents, octyl, decyl, dodecyl and tetradecyl
trimethylammonium bromide (C8-, C10-, CI12-,
C14TAB), hexane and decane sulfonate (C6-, C10S)
as well as decylsulfate (C10SU) were purchased from
Fluka (Deisenhofen, Germany). Dodecylsulfate
(C12S8U) was from Serva Electrophoresis (Heidel-
berg, Germany). N-Alkyl-N,N-dimethyl-3-ammonio-
1-propanesulfonates (C8-, C10-, C12-, C14Z), alkyl-
B-p-glucopyranosides (C6-, C8-, C10-, C12GP), al-
kyl-B-p-maltosides (C10-, C12MP), triethylene glycol
monododecyl ether (CI2EO3), octaethylene glycol
monoalkyl ethers (C10-, C12EOS), dodecanoyl-N-
methylglucamide (C12-MEGA), octylsulfate (C8SU),
I-octanol and dodecanoic acid were obtained from
Sigma (Deisenhofen, Germany). Triton X-100 was
from Roche Molecular Biochemicals (Mannheim,
Germany). Detergents were of highest purity avail-
able, meaning at least 98-99% pure or in the case of
C8SU 95% pure.

1-Oleoyl-2-[N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)-
aminohexanoyl]-sn-glycero-3-phosphocholine
(18:1,6-NBD-PC) was obtained from Avanti Polar
Lipids (Alabaster, AL) and 4,4’-diisothiocyanostil-
bene-2,2'-disulfonic acid (DIDS) from Calbiochem
(Bad Soden, Germany).

2.2. Methods

2.2.1. Measurement of the inward translocation (flip)
of NBD-phospholipids

After insertion of trace amounts of fluorescent
NBD-phospholipid (8 nmol/ml packed cells) into
the outer membrane leaflet of erythrocytes (7 min,
0°C), cells were washed once, resuspended in
KNPS containing detergent (hematocrit 0.6-23%)
and incubated at 37°C. The time-dependent flip of
the NBD-phospholipid to the inner membrane leaflet
was measured by following the increase of fluores-
cence in the inner membrane leaflet, F;, using the
albumin extraction procedure [13] or the dithionite
method [15]. At various time intervals, 55-950-ul
samples of the suspension were taken and in the
event of low hematocrit cells were isolated by centri-



E. Pantaler et al. | Biochimica et Biophysica Acta 1509 (2000) 397408 399

fugation. In the first method, these samples were
mixed with medium containing albumin (final con-
centration 1.3-2 g dI™!) and incubated (2 min, 21°C).
After centrifugation, the albumin extraction was re-
peated once and cells washed with KNPS. In the
second method, samples of cell suspension or iso-
lated cells were incubated (2 min, 0°C) with 700 ul
of reducing solution containing 80 mmol 1-! dithion-
ite, 100 umol 17! DIDS and 80 mmol 17! Tris (pH
10). After centrifugation, cells were washed twice
with medium (0°C).

Cells were then hemolyzed with 100 ul of water
and lipids extracted by addition of 800 ul of isopro-
panol. Following centrifugation of the extract, fluo-
rescence of the supernatant (F;) was measured
[13,16]. The fluorescence in the inner membrane leaf-
let was related to the total isopropanol-extractable
fluorescence, Fio, in the same amount of hemolyzed
cells. An exponential function, g¢q[l—exp(—ki*t/q)],
was fitted to the kinetic data of the non-extractable
fractions (Fi/F), where g represents the fraction of
probe in the inner leaflet under stationary conditions
and k; the rate constant for the unidirectional flip
[16].

2.2.2. Determination of membranelwater partition
coefficients

Membrane/water partition coefficients, K;, (mol 1!
membrane phase/mol 17! aqueous phase), were deter-
mined according to the method of Lissi et al. [17]. To
this end, the concentration dependence of flip accel-
eration by a given detergent was measured at various
hematocrits (0.6-23%). The rate constants derived
from the flip kinetics were plotted against detergent
concentrations initially present in the medium and
the concentrations required to enhance the flip rate
constant from about 0.0003 min~! in the absence of
detergent [16] to 0.0020 min~' were determined.
Plots of total moles of the detergents (ng) in the
cell suspensions, at these concentrations, against the
corresponding membrane volumes (Vy,), with ng and
Vi calculated for 11 of aqueous phase (Vyater), gave
linear relationships. From the slopes and intercepts
of the straight lines fitted to the data points, the
membrane concentrations (Cy,) and the membrane/
water partition coefficients (K},) of the detergent were
calculated using the formula [17]: ng= Cy*Vater!
Kp+Cm' V.

The volume of aqueous phase was taken as the
sum of volumes of medium and intracellular aqueous
space. The latter was assumed to be 65% of cell vol-
ume. The fraction of membrane volume per cell was
assumed to be 0.8%. Taking a volume for the human
erythrocyte of about 90 pm? and a cell surface area
of 135-140 pum?, a membrane fraction of 0.8% as-
sumes an effective thickness of the membrane of
about 5 nm for the distribution of detergents.

3. Results

The slow flip of the phospholipid probe NBD-PC
(ki about 0.0003 min~!, [16]) from the outer to the
inner membrane leaflet of human erythrocytes is ac-
celerated in the presence of all detergents investi-
gated. This acceleration could be measured in the
absence of significant extent of colloid-osmotic he-
molysis by protecting cells with sucrose or Dextran
4 (see Section 2.2). As typical examples, flip kinetics
of NBD-PC in the presence of increasing concentra-
tions of CI0TAB and C10GP are shown in Fig. 1. In
the cases of alkyl-TAB, alkyl-Z, alkyl-MP, C12EO3,
alkyl-EO8, and Triton X-100, flip kinetics were mea-
sured using the albumin extraction technique. In the
cases of alkyl-GP, C12MEGA, alkyl-S and alkyl-SU,
kinetics had to be measured with the dithionite re-
duction method, since the albumin technique pro-
duced flip kinetics with an initial (<5 min) steep
increase of the non-extractable probe followed by a
slower continuous increase of non-extractable probe
(data not shown). This initial fraction of non-extract-
able probe was observed (data not shown) for the
echinocyte-forming detergent C12-SU but also for
C12-GP that produces stomatocytes following a
very short period of echinocytosis (<1 min at
37°C). The extent of initial non-extractability in-
creased upon an increase of detergent concentration
and correlated with the formation of spherostomato-
cytes upon albumin addition (data not shown) which
probably preferentially extracts detergent from the
outer membrane leaflet. It seems therefore possible
that a limited access of albumin to the deep mem-
brane invaginations of spherostomatocytes prevents
extraction of the probe from this membrane area and
causes the initial steep increase of non-extractability.
For flip in presence of detergents routinely measured
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Fig. 1. Enhancement of translocation of NBD-PC from the out-
er to the inner membrane leaflet of human erythrocytes at vari-
ous concentrations of CI0TAB (A) and C10GP (B). After inser-
tion of NBD-PC into the outer membrane leaflet, its time-
dependent flip to the inner leaflet was followed by measuring
the decrease of membrane fluorescence remaining after albumin
extraction (A) or dithionite treatment (B) (see Section 2.2).
(A) CIOTAB: 2 (m), 3 (v), 4 (a) and 5 (@) mmol 171
(B) C10GP: 0.3 (m), 0.45 (v), 0.6 (a) and 0.75 (®) mmol 17!,
Flip kinetics without detergent: no symbol.

with the albumin technique and flip in presence of
lower concentrations of alkyl-SU and alkyl-GP, both
methods of flip measurement gave similar kinetics
(data not shown). Only with TAB, the dithionite
method gave somewhat flatter flip kinetics. From
these observations, significant changes in the distri-
bution of NBD-PC between the inner and outer
membrane leaflet during extraction of detergents
from the membrane by albumin seem to be unlikely.

Maximal flip acceleration before lysis occurs dif-
fers for the various detergents. It is about 15-fold for

alkyl-S, alkyl-SU and alkyl-Z, somewhat more for
alkyl-MP and alkyl-GP, about 50-fold for alkyl-
TAB and 100-fold or more for Triton X-100 and
alkyl-EO8 (k; about 0.0300 min~!). Erythrocytes
from freshly drawn blood and erythrocytes stored
for up to 10 days gave comparable concentration-
dependent flip accelerations by a given detergent
(data not shown).

For the flip kinetics, rate constants were calculated
(see Section 2.2) and plotted against the concentra-
tion of detergent in the medium before addition of
cells. The effectiveness of the detergents increases
with the length of their alkyl chain (Fig. 2). An in-
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Fig. 2. Dose-response curves for the acceleration of flip rate of
NBD-PC by CIOTAB (A) and C10GP (B). From the flip ki-
netics shown in Fig. 1, rate constants were determined and
plotted against the detergent concentration present in the me-
dium prior to addition of cells. (A) TAB: Cl4 (m), C12 (@),
CI10 (a), C8 (v) at 12% hematocrit. (B) GP: C12 (m), C10
(@), C8 (a), C6 (v) at 12% hematocrit and C12 (O) at 1.3%
hematocrit.
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crease of the alkyl chain length by two C-atoms,
shifts the dose-response curve for a given type of
detergent at 12% hematocrit to about 10-fold lower
concentrations. This shift becomes smaller when
going from Cl12 to CI4TAB and from CI0 to
C12GP. However, shifts to 10-fold lower concentra-
tions are achieved upon a decrease of the membrane
content of the suspension by decreasing the hemato-
crit from 12% to 1.3% as shown in Fig. 2B for
CI12GP. The smaller shift of the dose-response curve
at 12% hematocrit is explained by the strong de-
crease of concentrations of C14TAB and C12GP in
the medium upon addition of cells as a result of the
high extent of partitioning of these detergents into
the membrane according to their membrane/water
partition coefficients (see below). In line with this
idea, dose-response curves for detergents with short
alkyl chains (C6—C8) and thus smaller membrane/
water partition coefficients are not shifted by a de-
crease of hematocrit (data not shown).

When the detergent concentrations in the medium
required to increase the flip rate constant, k;, from
about 0.0003 min~! in absence to 0.0020 min~! in
presence of detergent at 1.3-2% hematocrit are plot-
ted against the number of C-atoms of the detergents,
linear relationships are obtained (Fig. 3). From the
slopes of the lines, it can be derived that the deter-
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Fig. 3. Dependence of the detergent concentrations required to
produce flip acceleration on the number of C-atoms of the de-
tergent hydrocarbon chain. Concentrations of various deter-
gents in the medium, prior to addition of cells at 1.3% or 2%
hematocrit, represent those required to obtain flip rate con-
stants of 0.0020 min~!. GP (@), MP (v), SU (a), TAB (@), Z
(), EO8 (2), S (V).
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Fig. 4. Correlation between concentrations of various detergents
required for flip acceleration and those reported to suppress hy-
potonic hemolysis. Concentrations of detergents required to in-
crease the flip rate constant to 0.0020 min~' are plotted against
concentrations reported [18-20] to produce 50% of the maxi-
mum suppression of hypotonic hemolysis at about 1% hemato-
crit. C12 GP (m), CI2MP (v), SU (a), TAB (@), Z (#), EO8
(a), Triton X-100 (O). For reasons of comparison data [21,22]
for octanol (X) and dodecanoic acid (O) are shown.

gent effectiveness increases 10- to 14-fold upon an
increase of the alkyl chain by two C-atoms.

A plot of the detergent concentrations which yield
k1 =0.0020 min~!' against the corresponding deter-
gent concentrations reported [18-20] to produce
50% of the maximum suppression of hemolysis in
hypotonic medium (AHsg) gives a linear relationship
(Fig. 4). Since the antihemolytic effect is assumed to
be due to membrane expansion [21], flip acceleration
correlates with membrane expansion. Such a correla-
tion between membrane expansion estimated by
AHso [21,22] and flip acceleration is also found for
simple hydrocarbon derivatives such as 1-octanol
and dodecanoic acid (Fig. 4). In the case of EOS,
flip acceleration is obtained at a considerably smaller
membrane expansion than for other detergents.

In order to compare flip accelerations by various
detergents, their effective membrane concentrations
and membrane/water partition coefficients were de-
termined according to the method of Lissi et al.
[17]. To this end, the detergent concentrations in
the medium, prior to addition of cells, which yield
k1 =0.0020 min~! at various hematocrits (membrane
volumes) were determined (cf. C12GP in Fig. 2B).
From these concentrations, moles of detergent per
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Fig. 5. Dependence of the amounts of various detergents which
yield k; =0.0020 min~! on the corresponding membrane vol-
umes. (A) The amounts of C10SU (a), CIOGP (¢), C12GP
(m) and CI12EO8 (@) and the corresponding membrane volumes
(outer and inner leaflet) calculated per liter of medium and
aqueous intracellular space. (B) The amounts of CI12MP
(circles) and C12Z (triangles) and the corresponding membrane
volumes calculated for the outer and inner membrane leaflet
per liter of medium and aqueous intracellular space (closed
symbols) or the outer membrane leaflet per liter of medium
(open symbols). See Section 2.2 for details.

liter of aqueous phase were calculated and plotted
against the corresponding membrane volumes (see
Section 2.2). The data points could be fitted by
straight lines (Fig. 5). The slopes of the lines repre-
sent detergent concentrations in the membrane and
the y-intercepts represent detergent concentrations in
the aqueous phase at infinite small membrane vol-
ume. From the ratios of slopes and y-intercepts,
membrane/water partition coefficients for various de-
tergents were calculated (see Section 2.2). In Table 1,

detergent concentrations in the membrane which
yield k1 =0.0020 min~! and membrane/water parti-
tion coeflicients for various detergents are listed. Par-
tition coefficients vary from about 300 for CIOEO8
and C10MP to almost 20 000 for C12EO8 and C14Z.
In the case of C14Z, the coefficient has a very high
S.D. which results from the low concentration of the
detergent in the aqueous phase remaining after a
high extent of accumulation of the detergent into
the membrane even at very low membrane concen-
trations. Partition coefficients for C12Z and C12TAB
(1090 and 1294) are considerably smaller than those
for the other C12 detergents (4785-16040). This is
probably due to the positive charges adjacent to the
alkyl chain of Z and TAB which results in a less deep
penetration into the hydrophobic domain of the al-
kyl chains of these detergents than those of the other
detergents. From Table 1, it becomes evident that an
increase of the alkyl chain length by two C-atoms
increases the partition coefficient 10- to 50-fold.
Comparison of detergent concentrations in the
membrane which yield k; =0.0020 min~! (Table 1)
shows that SU, C12Z and GP have the lowest effec-
tiveness while the non-ionic detergents EO8 and Tri-
ton X-100, with respectively 8 and 10 ethylene glycol
residues, have the highest effectiveness, which means
that about 10-fold lower concentrations of these non-
ionic detergents are required than of all other deter-
gents to produce the same extent of flip acceleration.
The effectiveness of a given membrane-inserted de-
tergent does not depend on its alkyl chain length.
Since the observed rate of inward net movement of
NBD-PC in erythrocyte membranes is the result of a
simple inward flip and a floppase-mediated outward
translocation [23,24] possible variable effects on flop-
pase activity by different detergents could complicate
comparison of their membrane concentrations which
yield k; =0.0020 min~!. To check this, detergent ef-
fects on flip were carried out in the presence and
absence of floppase activity. Floppase inhibition by
a pretreatment of cells with N-ethylmaleimide [23]
did not change or only slightly decreased or in-
creased (<<10%) the membrane concentrations.
Only in the case of C12MEGA, a considerable de-
crease of the membrane concentration from 130
mmol 17! before (Table 1) to 90 mmol 17! after sup-
pression of floppase was observed (data not shown).
In calculations of membrane concentrations and
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partition coefficients, detergents were assumed to dis-
tribute into the inner membrane leaflet and intracel-
lular space during flip measurement. Amounts of de-
tergents were therefore calculated per liter of medium
and intracellular aqueous phase and the sum of outer
and inner membrane leaflets was considered as dis-
tributing membrane volume (see Section 2.2). Such a
distribution of detergents into the cell interior was
derived from observed (data not shown) and re-
ported [18,19] shape transformations of erythrocytes
following insertion of detergent into the outer mem-
brane leaflet which initially transforms biconcave
cells into echinocytes according to the bilayer couple
hypothesis [25]. In the case of C12GP and C12TAB,
echinocytes returned to discocytes (half-times <1
and 30 min repectively, at 37°C) and further trans-
formed into stomatocytes. This shape transformation
is explained, according to the bilayer couple hypoth-
esis, by translocation of the detergents from the out-

Table 1

er to inner membrane leaflet. Such a rapid translo-
cation of GP is supported by indirect calorimetric
data [5]. In the case of C12EQ8, a very fast trans-
bilayer movement was derived from the release ki-
netics of C12EO8 from lipid vesicles [8,26]. In the
case of C12SU, a very fast movement across the
erythrocyte membrane was derived from direct trans-
fer measurements using '“C-labeled CI12SU (half-
time <1 min at 37°C; B. Deuticke, personal com-
munication).

On the other hand, in the cases of CI12MP and
C12Z, the extent of distribution of detergent to the
inner membrane leaflet during flip measurements is
uncertain. At low concentrations, these detergents
only slowly if at all move to the inner membrane
leaflet. This assumption is based on the observation
that upon addition of these detergents biconcave er-
ythrocytes are transformed into echinocytes which
are stable for several hours of incubation [18,19,27].

Membrane/water partition coefficients and membrane concentrations which yield k; =0.0020 min~! for various detergents

Detergent Partition coefficients for Membrane concentrations (mmol 171)
Erythrocyte membranes from this work PC vesicles from literature

CI2TAB 1294 £ 103 76+4

C10SU 474+ 28 152+38

C12SU 10415+ 1941 6000° 168+ 3

Cl12Z2 1090 £ 21 (2340) 158 £2 (339)

Cl4z7 18713 £ 15878 (42230) 70+3 (141)

CI0GP 920+ 121 2160° 162+11

CI2GP 9029 + 3108 153+6

CI10MP 267%2 (697) 270¢ 58+1 (152)

CI2MP 10433 £2031 (21 135) 6750-28 000>¢ 721 (144)

C12MEGA 4785 %327 1307

CI2EO3 - 67 500-13 5000° 1011

CI0EOS8 287+ 16 7x1

CI2EO8 16040 + 8204 810028 0002->< 12+1

Triton X-100 2386416 2700-12 000*>¢ 171

Dodecanoic acid at

pH 5.6¢ 39626+ 32847 93+4

pH 74 1471 £ 83 278+ 8

pH 8.5 1677 +40 289+3

From plots of moles of detergents which yield k; =0.0020 min~! against corresponding membrane volumes, membrane concentrations
and partition coefficients (+S.D) were derived (see Section 2.2.2). Data were calculated using the outer and inner membrane leaflet
and 1 1 of medium and aqueous intracellular space as the volumes for detergent distribution (see Fig. 5). In case the detergents MP
and Z are assumed not to penetrate into the cell interior, data were also calculated per liter of medium and the outer membrane leaf-

let as the volumes for detergent distribution (numbers in parentheses).

4Data taken from [4].
bData taken from [8].
¢Data taken from [29].

dData were corrected for cell swelling, at this low pH, which resulted in a lower number of cells in the suspension.
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Such a slow movement of C12MP is supported by
results on lipid vesicles [8]. However, at the detergent
concentrations used to determine partition coeffi-
cients, slow transformations into discocytes with re-
spective half-times of 60 min and several hours take
place (37°C, data not shown) which indicate en-
hanced transbilayer redistributions. On the other
hand, a 3-fold decrease of the membrane concentra-
tions of the detergents and the concomitant decrease
of the rates of transbilayer movements gave similar
partition coefficients (data not shown). Therefore,
movements of zwittergents and maltosides from the
outer to the inner membrane leaflet during flip mea-
surements may be very limited or even absent and
their partition coefficients were also calculated from
plots of the volume of the outer membrane leaflet
against the amount of detergent, both calculated
per liter of medium (Fig. 5B). By this method of
calculation, partition coefficients and concentrations
of detergents in the outer membrane leaflet become
about 2-fold higher (Table 1, numbers in parenthe-
ses).

For reasons of comparison, the effect of a simple
hydrocarbon derivative, dodecanoic acid, on NBD-
PC flip was measured. At pH 7.4, the concentration
in the membrane which yield k; =0.0020 min~' was
higher (278 mmol 17!') than that for detergents. At
this pH, the fatty acid is expected to be mainly
present in the membrane in its electrically charged,
deprotonated form even upon consideration of a
shift of its pK, value from about 4.9 in aqueous
phase to about 6.9 in the lipid bilayer, as reported
for lipid vesicles [28]. To get an estimate of the pK,
value for dodecanoic acid in erythrocyte membranes,
the pH dependence of flip acceleration by the fatty
acid was measured. Membrane concentrations which
yield k; =0.0020 min~! were then plotted against pH
and a sigmoid function was fitted to the data. From
this function, a pK, value of about 6.3 could be
derived (data not shown). This means a pK, shift
of 1.4 upon insertion of the fatty acid into the mem-
brane. Upon an increase of pH to 8.5, which in-
creases the fraction of membrane-bound dissociated
fatty acid to above 99%, the partition coefficient and
the membrane concentration of dodecanoic acid
which yield k; =0.0020 min~' were comparable to
those at pH 7.4. A decrease of pH to 5.6, which
increases the fraction of the protonated form of the

fatty acid to 83%, decreases the membrane concen-
tration to 93 mmol 17! (Table 1) which is 77 mmol
17! of non-ionic fatty acid. It can be concluded that
the fatty acid in its protonated form is considerably
more effective than in its deprotonated form.

Since the ratio of the dissociation constants for the
fatty acid in the aqueous medium and the membrane
is related to the ratio of the membrane/water parti-
tion coefficients of protonated and deprotonated
fatty acid [28], the partition coefficient of the proton-
ated fatty acid is expected to be about 25-fold higher
than that of the deprotonated fatty acid. From the
membrane/water partition coefficient at pH 8.5,
which will be very close to that of the deprotonated
fatty acid, the partition coefficient of the protonated
fatty acid can then calculated to be about 40000
which supports the value with a high S.D. derived
from our measurements at pH 5.6.

4. Discussion

In the present study, the slow flip of NBD-PC has
been found to be accelerated by anionic, cationic,
zwitterionic and neutral detergents in the absence
of significant hemolysis. In order to compare flip
accelerations by various detergents, their effective
membrane concentrations and membrane/water par-
tition coefficients were determined. This was achieved
by measurements of the increasing amounts of deter-
gent required to obtain the same rate constant for
the flip at increasing membrane volumes in the eryth-
rocyte suspension according to the method of Lissi et
al. [17]. This method was originally described to de-
termine partition coefficients for pure lipid bilayers
and now appeared to be applicable to determine par-
tition coefficients for biological membranes in the
range of about 300 to 15000. For detergents with
lower partition coefficients, the accumulation of de-
tergent into the membrane will only vary to a con-
siderable extent in the range of hematocrit values
above 20%. At these high hematocrit values, flip
measurements become hardly feasible and the uncer-
tainty on the extent of accumulation of detergent in
the intracellular space highly contributes to the un-
certainty of the estimated partition coefficients. On
the other hand, for detergents with partition coeffi-
cients above 15000 their accumulation in the mem-
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brane will be already high at a rather low hematocrit
and will only vary to a considerable extent in the
range of hematocrit values below about 1%. In this
very low range, flip measurements become inaccurate
because small amounts of cells in high volumes of
medium have to be analyzed. This is reflected by
the high standard deviations for the estimated parti-
tion coefficients as shown in Table 1 for C14Z and
dodecanoic acid.

The membrane/water partition coefficients ob-
tained for the erythrocyte membrane (Table 1) are
of the same order of magnitude than those reported
[4,8,29] for phosphatidylcholine bilayer vesicles. It
should be considered that the membrane volume, in
which detergents distribute, can only be estimated
since the effective bilayer thickness for detergent dis-
tribution and the contribution of membrane proteins
to detergent binding are not known. In our calcula-
tions, it is assumed that membrane volume is 0.8% of
cellular volume (see Section 2.2).

For the electrically charged detergents such as SU
and TAB, the partition coefficients at our detergent
concentrations in the medium could be considerably
lower than those at infinite low detergent concentra-
tions due to the reduced partitioning of the charged
detergents into the membrane as a result of the pro-
duction of a membrane surface potential by the de-
tergent [30]. On the basis of the saturating concen-
tration dependence reported [20] for the adsorption
of TAB to erythrocytes, the membrane/water parti-
tion coefficient measured for TAB at infinite low
membrane concentrations could be 1.3-fold higher
than that measured at our experimental concentra-
tions (about 7x 107 molecules per cell). In the case of
SU, the partition coefficient at very low detergent
concentrations may be estimated [30] to be at least
2-fold higher than that measured at our experimental
concentrations. For the non-ionic detergents, in par-
ticular the polyethylene glycol ether detergents for
which partition coefficients could be measured at
lower concentrations in the membrane, the coefficient
is not expected to be significantly higher at still lower
concentrations [6,31].

Comparison of the membrane concentrations of
various detergents required to increase the rate con-
stant of NBD-PC flip from about 0.0003 min~! to
0.0020 min~! (Table 1) shows that concentrations for
anionic, cationic and zwitterionic detergents as well

as neutral detergents of the glycopyranosyl type with
various alkyl chain length (C10-C14) are quite sim-
ilar. Interestingly, these concentrations are also quite
similar to those reported for 1-butanol [13] and now
measured for l-octanol (150 mmol 17!, data not
shown). It is therefore not important for obtaining
detergent-stimulated flip whether a neutral small hy-
droxyl, a larger sugar residue or an ionic group is
linked to the alkyl chain.

On the other hand, membrane concentrations of
the non-ionic detergents EO8 and Triton X-100
with respectively eight and ten oxyethylene residues
are about 10-fold lower than those of the other de-
tergents. Shortening of the oxyethylene chain to
three residues strongly reduces effectiveness. This is
evidence for a strong membrane-perturbing effect of
the long polyoxyethylene domain of the detergents.
At the membrane concentrations listed in Table 1,
the molar ratio of detergent to phospholipid ranges
from about 0.3 for SU, C12Z and GP (‘weak’ deter-
gents) to about 0.02 for Triton X-100 and EO8
(‘strong’ detergents; cf. [29]). All ratios are below
those reported for detergent-saturated phospholipid
bilayers [2-4].

Interference of flip kinetics by exo- or endo-vesic-
ulation following echinocyte or stomatocyte forma-
tion by detergents has to be considered. Exovesicu-
lation following echinocyte formation by Z and MP
would decrease the total amount of membrane-
bound NBD-PC probe (Fi,) during measurements
of flip kinetics. This was not observed (data not
shown). In the case of endovesiculation following
stomatocyte formation by, e.g., Triton X-100 and
EOS8, the time-dependent loss of extractability from
the outer leaflet of phospholipid probes with different
flip rates, such as NBD-PC and NBD-sphingomyelin
[16], would exhibit a lower specificity (cf. [32]) than
in the case of echinocyte formation without exo-ve-
siculation. This was not observed. The ratio of flip
rates of NBD-PC and NBD-sphingomyelin was even
higher in presence of these stomatocytogenic deter-
gents (ratio about 20) than in presence of echinocy-
togenic detergents (ratio 3-10, data not shown).

Insertion of detergent molecules into the mem-
brane lipid bilayer results in expansion of the mem-
brane [18-20]. Concentrations of detergents required
for membrane expansion correlate to those required
for flip acceleration (see Fig. 4). However, membrane
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expansion for EOS, at the membrane concentration
which yield &; =0.0020 min~', is considerably small-
er than that for other detergents. Therefore, a simple
causal relationship between membrane expansion
and flip acceleration is unlikely. Moreover, mem-
brane expansions by a selective insertion of C12MP
into the outer membrane leaflet [19] and a symmetric
insertion of C12GP into both outer and inner leaflet
produce the same flip accelerations when the concen-
tration of MP in the outer leaflet and that of GP in
both leaflets are the same. It may be concluded there-
fore that a symmetric insertion of detergent into the
membrane lipid bilayer is not required for flip accel-
eration. The reported membrane expansion [19] by
the selective insertion of MP into the outer leaflet
[27] requires a secondary expansion of the inner
membrane leaflet. Such a phenomenon has been re-
ported previously for the selective insertion of lyso-
phosphatidylcholine into the outer membrane leaflet
[33]. The membrane expansions by amphiphiles de-
rived from the observed antihemolytic action
[6,20,33] and echinocyte formation [34,35] are smaller
than those expected from calculated numbers of
membrane-inserted amphiphiles.

In order to discuss possible mechanisms of flip
acceleration by detergents, the interactions of the
various detergents with membrane phospholipids
and their perturbing effects on the lipid bilayer
have to be considered. The electrically charged
head groups of TAB, SU, and Z are expected to
interact with the charges of the polar head groups
of the phospholipids which thereby alter their orien-
tation relative to the bilayer surface [36]. The sugar
moiety of GP has been discussed [5] to penetrate into
the bilayer up to the level of the glycerol residue of
the phospholipid without affecting the phosphocho-
line head group. On the other hand, EOS has been
reported [7] to perturb both the hydrocarbon interior
and interfacial region of the bilayer as well as the
polar head group region. Moreover, evidence has
been obtained [31] that every ethylene oxide unit of
EOS8 is inserted into a similar non-aqueous environ-
ment of the membrane. It may be suggested therefore
that the stronger membrane-perturbing effect, as
measured by flip acceleration, of EO8 and Triton
X-100 than that of the other detergents is due to
the interaction of the polyoxyethylene domain of
the former type of detergents with a broader inter-

facial region of the phospholipid bilayer. In line with
this idea, shortening of the ethylene glycol chain
from 8 to 3 units such as is the case for EO3 reduces
the effectiveness of the detergent (Table 1).

A local accumulation of detergent in the mem-
brane lipid bilayer or a preferential interaction of
detergent with certain lipid species (cf. [29,32]) may
be discussed to play a role in membrane perturba-
tion. However, it seems unlikely that the very diverse
amphiphiles with non-charged small (alcohols) and
large (MP) head groups or detergents bearing one
or more charges (TAB, SU, Z) produce the same
extent of domain formation at the same membrane
concentrations.

Flip acceleration generated by insertion of various
detergents and alcohols between the alkyl chains of
the phospholipids does not greatly depend on their
alkyl chain length (C10-C14 for detergents, see Table
1; C2-C8 for alcohols [13]), meaning it is rather in-
dependent on depth of penetration of the alkyl chain
into the hydrophobic bilayer. It is concluded, there-
fore, that the decrease of packing constraints result-
ing in enhanced segmental motion of the phospho-
lipid hydrocarbon chains and the decrease of the
bilayer thickness are unlikely to play a major role
in membrane perturbation that is responsible for
flip acceleration. Moreover, the temperature depen-
dence of the detergent-induced flip of NBD-PC is
high. For EO8 and GP, apparent activation energies
were resp. about 80 and 95 kJ/mol (data not shown)
compared to a reported [16] value of 65 kJ/mol in the
absence of detergent. The high activation energy is
not due to a temperature-dependent change of the
effective membrane concentration, because the mem-
brane/water partition coefficient for GP only de-
creases from 9029 at 37°C (Table 1) to about 7500
at 21°C (data not shown). Correction for the temper-
ature-dependent change of effective membrane con-
centration lowers the activation energies but not be-
low the value for the unperturbed membrane. The
transient formation of hydrated defects in the hydro-
phobic barrier [37] acting as flip sites for phospho-
lipids is therefore unlikely, since this would reduce
the energy barrier [38] for transfer of the polar head
group of phospholipids [39].

Previously, barrier defects in the native and per-
turbed membrane that act as leaky pathways and flip
sites have been proposed to result from the forma-
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tion of fluctuating hydrophobic pores [40]. From our
observation that EO8 and Triton X-100 are most
effective in flip acceleration followed by alkane diols
[13] and non-dissociated fatty acid as well as the idea
that these amphiphiles orient with the polyoxyethyl-
ene, hydroxyls and carboxyl residues in the mem-
brane/lipid interfacial region close to the glycerol
backbone [31,41,42], it may be suggested that pertur-
bation of this region is the major factor in hydro-
phobic defect formation.
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