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Abstract

The surface area occupied by nonionic detergents of the type C,EO, (n= 1-8) in POPC/C,,EOQ, mixed membranes
was studied by means of time-resolved resonance energy transfer (RET) between the fluorescent probe molecules NBD-PE
and rhodamine-PE. The area data were interpreted within the frame of Israelachvili’s concept of packing constraints yielding
the critical packing parameter, f, as a measure of the asymmetry of the molecular shape of the membrane constituents. The
asymmetry of the molecular shape of the detergent increases with the ethylene oxide chain length and correlates with the
potency of the detergent to solubilize the bilayers and the reduction of the DPH order parameter. For n= 1-3, the
membrane surface was found to expand by 0.25-0.30 nm? per incorporated C,EQ, molecule. This value corresponds to
the cross section of one hydrocarbon chain in liquid—crystalline phases. On increasing n from n =4 to n = 8 the net area
per detergent molecule increases from 0.43 nm? to 1.16 nm?. These surface requirements are consistent with a disordered,
coiled conformation of the EO-chains hydrated with up to two water molecules per ethylene oxide unit. For n> 5 the
limiting mole fraction of the bilayer saturation was deduced from the fdata in the two-component bilayer. DPH and
NBD-PE fluorescence lifetime data are discussed to give an indication of the accessibility of the probe environment to water
molecules.

Keywords: Detergents, non-ionic; Lipid bilayer; Resonance energy transfer; Fluorescence. time-resolved; Surface area: Critical packing
parameter

1. Introduction

Oligo(ethylene oxide) acyl ethers (C,EO,) are
composed of a hydrophilic EO-chain and an apolar
acyl tail. The hydrophilic—hydrophobic balance of
these molecules can be varied in a definite way by
changing the number of CH,- and/or EO-units. In
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an aqueous environment the ethylene oxides of the
type C, EO, assemble into different aggregated
structures depending on the number of methylene-
and EO-units, 1.e. m and n, as well as on the
external conditions (temperature, water concentra-
tion) [1,2].

The amphiphilic nature of C,,EO, makes them
very suitable to modify lipid membranes in order to
study hydration forces [3—5] Iyotropic [6,7] and ther-
motropic phase behaviour [8—10] and solubilization
([11-13], Heerklotz et al., in preparation). Regions
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of lamellar as well as of micellar and hexagonal
phases have been found in the ternary phase diagram
of POPC /C ,EO,-water with n = 2 and 4 thus indi-
cating the capability of the detergent to induce the
formation of nonlamellar aggregates. The formation
of nonlamellar structures is closely related to solubi-
lization of lipid membranes. The potency of the
detergent to transform POPC/C ,EO, mixed vesi-
cles into mixed micelles and thus to destabilize
lamellar structures increases with the length of the
EO-chain [12]. Otten et al. [10] used C,, EO; mixed
with various saturated phosphatidylcholines to study
the stages of the bilayer micelle transition. In a
general context a detailed knowledge of the proper-
ties of detergent/lipid systems is important for sev-
eral practical purposes such as reconstitution of func-
tional membranes [14,15], isolation and purification
of membrane proteins {16] and preparation of lipid
vesicles by the detergent removal method [17,18].

The interactions between the surfactant molecules
determine the geometry and stability of molecular
aggregates. A simple but powerful method to corre-
late intermolecular forces with the structure of the
aggregates is the concept of molecular packing con-
straints developed by Israelachvili et al. [19,20].
According to this concept the form of the aggregates
can be deduced mainly from the forces acting be-
tween the amphiphiles. Recently, the usefulness of
the concept of molecular packing constraints was
demonstrated on lamellar hexagonal phase transi-
tions of phosphatidylcholine /C,, EOy systems [9] as
well as on the solubilization of lipid vesicles by
C,EO;4, which was interpreted in terms of the
changing average shape of the component molecules
[10].

Consequently, the determination of the structure
of molecular assemblies and particularly of bilayers
in combination with information about the molecular
order and shape of its constituents is a prerequisite
for the understanding of the phase behaviour and
solubilization of lipid /detergent systems.

X-ray diffraction represents a well established
method to investigate the geometry of lipid bilayers
[21] as well as of C |, EO, lamellar systems [3,22,23]
in terms of quantities as the thickness of the hy-
drophobic core or the surface area requirement of the
molecules. Defect regions in multilamellar structures
and separation of water can, however, distort the

data [24,25]. Alternatively, “H-NMR spectroscopy
was used to obtain respective structural information
from deuterium order parameter profiles of the acyl
chains [9,10,26-28]. Recently, Nagle [29] discussed
that uncertainties are introduced mainly by the inter-
pretation of the NMR data.

The efficiency of resonance energy transfer de-
pends essentially on the distance between the energy
donor and acceptor. The sensitivity range of this
effect of usually 2-5 nm corresponds to the dimen-
sions of a lipid bilayer in the normal direction thus
offering a further possibility to study it’s geometry.
Usually, two fluorescent probes are associated with
the bilayer as energy donor and acceptor. Fung and
Stryer [30] considered the dependence of the transfer
efficiency on the surface density of the acceptor and
listed guidelines for the choice of the probe
molecules. Davenport et al. [31] investigated the
localization of fluorescent probes within phospho-
lipid bilayers by means of RET. Recently, we
demonstrated that time-resolved investigations for
determining the surface area of the constituents in
POPC/C ,EO, (n=2,4,6) mixed membranes are
advantageous compared with steady state measure-
ments [32]. Because of its sensitivity fluorescence
probe techniques are well suited for the investigation
of dilute aqueous vesicle dispersions at a very high
amount of excess water.

The main purpose of the present paper is to report
about the geometry of POPC/C,,EO, membranes
studied by means of time-resolved measurements of
RET between fluorescent probes using a homologous
series of the detergent. The results demonstrate that
the surface area per molecule can be obtained by this
technique. The analysis of fluorescence decay curves
applied considers the relative position of the donor
and acceptor fluorophores within the bilayer as well
as the RET to both monolayers of the membrane.
Fluorescent labeled lipids have been used as energy
donor (NBD-PE) and acceptor (thodamine-PE). The
results are interpreted in terms of Israelachvili’s con-
cept of packing constraints and compared with solu-
bilization data measured by means of isothermal
titration calorimetry ([13], Heerklotz et al., in prepa-
ration). The systematic modification of the bilayer
upon variation of the number of the ethylene oxide
units between 1 and 8 allows to specify a qualitative
different behaviour of detergents with ‘longer’ (n >
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4) and ‘shorter’ EO-chains. Additional information
about local molecular order has been extracted from
the fluorescence anisotropy and lifetime of diphenyl-
hexatriene and NBD-PE in order to complete the
molecular picture of the mixed membrane.

2. Experimental

2.1. Materials and sample preparation

1-Palmitoyl-2-oleoyl-sn-glycero-3-phosphatidyl-
choline (POPC) and the fluorescent egg phos-
phatidyl-ethanolamine derivatives 7-nitrobenz-2-oxa-
1,3 diazole-4-y1-PE and rhodamine-PE (NBD-PE and
Rh-PE, respectively) were purchased from Avanti
Polar Lipids (USA), the oligoethylenglycol-dodecyl-
ether (C ,EO,; n= 1-8) from Nikko Chemicals Co.
(Japan) and 1,6-diphenyl-1,3-hexatrien (DPH) from
Serva (Germany). The substances were used without
further purification.

Lipid vesicles were prepared as described previ-
ously [32]. The lipid, the detergent and the fluo-
rophores, dissolved in methanol (spectroscopic grade)
were mixed in definite relations, dried at room tem-
perature and resuspended in water. The samples were
rapidly vortexed two times for one minute each and
stored overnight under nitrogen at 4°C. The diameter
of the vesicles was characterized by means of QELS
measurements to be about 100-400 nm (results not
shown).

The concentration of POPC was adjusted to 500
puM. Usually two series of samples with
detergent /lipid molar ratios R=10.33 and 1 were
prepared. The molar ratio Rh-PE/POPC, R,, was
varied between 0.001 and 0.02 at constant concentra-
tion of the donor NBD-PE (2.5 uM) to give a
remarkable effect of RET. The acceptor concentra-
tion within the sample has been controlled by UV-
VIS spectroscopy. In some preliminary experiments
indications of a nonrandom distribution of the probe
molecules within the bilayers were detected using
molar ratios Rh-PE/POPC R, > 0.02 or Rh-and
NBD-dipalmitoylphosphatidylcholine instead of the
respective egg yolk-PE derivatives. Therefore, these
experimental conditions are excluded from the fur-
ther work. DPH was used at molar ratio probe /lipid

of 1/500. All samples were measured at room tem-
perature (25°C).

2.2. Time-resolved fluorescence measurements

Time-resolved fluorescence measurements were
performed on a modified LIF 200 spectrometer (ZWG
Berlin) with nitrogen laser excitation at a wavelength
of 337 nm.

The emission decays of DPH and NBD-PE were
recorded at 430 nm and 520 nm, respectively, using
a H-10 monochromator (Jobin-Yvon) with 8 nm
slits.

Excitation and emission polarizers were used for
RET and lifetime measurements in order to realize
magic angle conditions. Experimental decay curves
were analyzed by means of a non-linear iterative
fitting algorithm including convolution of the excita-
tion pulse with the delta pulse response function
prescribed by Eq. 3 or by a sum of up to three
exponentials. Usual test criteria were applied to check
the quality of the fits.

Intensity-weighted average fluorescence lifetimes,
To. were calculated using
2
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where a; and 7, are the preexponential factors and
lifetimes, respectively.

We obtained time-resolved fluorescence
anisotropy data from the intensity decays recorded
with excitation and emission polarizers oriented par-
allel and perpendicularly. The analysis includes G-
factor correction and the iterative fitting and decon-
volution of sum and difference signals using expo-
nential decay functions [33]. The orientational order
parameter of DPH and NBD-PE was calculated ac-
cording to [34,35]

r

x

S=1/— (2)
To
where r, and r, denote the limiting values of the
time-resolved anisotropy at t= 0 and > > 1, re-
spectively.
Steady state emission spectra were recorded on a
Perking Elmer LS50 spectrometer.
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2.3. Model of resonance energy transfer

The efficiency of RET depends essentially on the
mean distance between energy donors and acceptors
thus representing a useful tool to investigate the
geometry of molecular aggregates by means of
time-resolved fluorescence measurements. In lipid
membranes we assume the donor and acceptor fluo-
rophores to be submerged in definite depths and to
be distributed randomly in the lateral plane. The
radiationless deactivation of excited donors competes
with the fluorescence emission giving rise to the
fluorescence decay function [36]:

i(1) = io((r) - N(1.dy) - N(1.d,) (3)
io(1) denotes the fluorescence decay of the donor in
the absence of RET characterized by an average
lifetime 7.

N(t,d)) and N(t,d,) are functions of the form
[37,31];

!
N(1,d;)) =exp 27'rd,-2CAf
0

(_L
To
i=1.2 (4)

describing the time dependence of RET between
donors and acceptors distributed randomly on two
parallel, infinite planes, which are separated by d,,
the distance of closest approach of donor—acceptor
pairs. The two-dimensional acceptor concentration,
C,, is given in units of molecules per nm”.

Note that integration of Eq. 4 yields an expression
equivalent to Eq. 21 given in ref. [37]. The efficiency
of RET changes very sharply at intermolecular dis-
tances around R, the critical Forster radius that
usually amounts to 2-5 nm, a distance comparable
to the thickness of lipid bilayers. Consequently, Eq.
3 considers the transfer of excitation energy within
one side of the bilayer as well as the deactivation of
donors induced by acceptors located within the op-
posite monolayer. Thus the interplane separations, d,
and d,, correspond to RET to both monolayers of
the membrane as illustrated in Fig. 1.

The validity of the model used is limited to (i)
low concentrations of donors and acceptors (low

X |1 —exp

6
136) Bdp

3nm

d, =4nm

Fig. 1. Schematic representation of the layer model used to
describe the resonance energy transfer in membranes. The donor
(NBD) and acceptor (thodamine) fluorophores covalently bound
to PE are shown by open ellipses and squares, respectively.

excitation limit and no excluded area effects), (ii) the
absence of translational diffusion of the fluorophores
on the time scale of the fluorescence lifetime of the
donor and (iii) the absence of any time dependence
of the critical Forster radius introduced possibly by
the orientation factor implicit in R,.

3. Results and discussion
3.1. Fluorescence order parameters and lifetimes

DPH is buried between the hydrocarbon chains of
the amphiphiles whereas the NBD-fluorophore was
shown to probe the glycerol region of the bilayer
[36,38].

In order to characterize the environment of the
fluorescent probes incorporated into bilayers of pure
POPC and of POPC/C, EO, mixtures we measured
fluorescence order parameters and emission life-
times. The data are shown in Figs. 2 and 3 in
dependence on the length of the ethylene oxide chain
at two detergent /lipid molar ratios. A quite different
behaviour of the two probe molecules was found.

On the one hand, no significant modifications of
the NBD fluorescence order parameter could be de-
tected (cf. Fig. 2A) indicating that the density of
molecular packing around the lipid headgroups re-
mains unaffected by the presence of EO moieties
with up to 8 units. Also the lifetime of NBD-PE does
not depend on n (cf. Fig. 3A). It shows, however, a
systematic decrease with increasing R. The origin of
this effect is not known. We note, that this dynamic
quenching is not accompanied by changes of the
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Fig. 2. Dependence of the fluorescence order parameter of (A)
NBD-PE and (B) DPH in mixed POPC/C,EO, membranes on
the number of EO units at the detergent/lipid ratios, R, of (&)
0.33 and (@) 1. The error bars represent the standard deviation of
4...8 measurements per data point.

emission spectra. Mazeres et al. found that the fluo-
rescence quantum yield of the NBD group strongly
depends on the polarity of the surrounding medium
and also on the nature of the matrix [39].

On the other hand, the lifetimes and order param-
eters of DPH obviously change (cf. Fig. 3B, Fig.
2B). The continuous reduction of the order parame-
ter, S, with the number of oxyethylene units, n, can
be attributed to the increase of the surface area of the
detergent (see below). Namely, lateral expansion
should create additional free volume and thus a
decreased packing density of the hydrocarbon chains.
The small but significant relative increase of S for
n=7 and 8 is not yet understood. The average
lifetime of DPH fluorescence is known to correlate
with the DPH order parameter [33,40]. We found an
analogous tendency of both quantities upon changes
of the number of oxyethylene groups per detergent.
Obviously the reduction of the density of molecular

packing is accompanied by the dynamic quenching
of DPH fluorescence. Possibly, this effect is caused
by an increased probability of collisions between the
fluorophore and water molecules [41]. The finding
that addition of detergent to the lipid bilayer de-
creases the average order of the hydrocarbon chains
as indicated by DPH order parameter agrees with the
results of Thurmond et al. [9], who found that an
increasing proportion of C,,EO; in phosphatidyl-
choline membranes leads to a significant reduction in
magnitude of the S, order parameter profile.

The shorter acyl chain of the detergent induces a
smaller average order of the hydrophobic core of the
bilayers as expected. Contrary to the interrelation
between § and 7, stated above the lower order
parameter found with increasing molar ratio of the
detergent predominantly correlates with a longer av-
erage DPH lifetime. In spite of the reduction of the
molecular order the environment of the probe
molecules is probably shielded from water by the
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Fig. 3. Dependence of fluorescence lifetimes, 7, of (A) NBD-PE

and (B) DPH in mixed POPC/C,EQ, membranes on the num-

ber of EO units, #, at the detergent/lipid ratios, R, of (4) 0.33

and (@) 1. The error bars represent the standard deviation of
2...4 measurements per data point.
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presence of EO-chains in the bilayer. The EO moiety
seems to compete locally with water associated with
the lipid head group. This finding is consistent with
the results of Zavoico et al. [42], who observed an
increase of the DPH lifetime of about 1 ns in egg PC
vesicles after the addition of unbranched alkanols.
Most likely the hydroxyl groups replace water
molecules within the hydrophilic membrane region.
Varying the length of the alkanols the authors found
a maximum of the DPH order parameter if the
additive spans one monolayer. Under these circum-
stances probably no free volume was induced by the
incorporation of the alkanol. In analogy we conclude
that C, EO, fits tightly between the POPC molecules
thus giving rise to an enhancement of § relative to
the pure lipid system (cf. Fig. 7).

3.2. Surface area of the detergent

Decay curves of NBD fluorescence measured in
samples with increasing amounts of Rh-PE are shown
in Fig. 4. The reduction of the average lifetime
reflects the increased extent of energy transfer.

G. Lantzsch et al. / Biophysical Chemistry 58 (1996) 289-302

The application of the layer model requires at first
the check of the restrictions listed in Section 2.3.
Certainly, the limiting conditions of negligible lateral
diffusion and of small concentrations of the fluores-
cent probes are realized in lipid membranes for
donor lifetimes less than 10 ns and molar ratios of
fluorescent probe /lipid used in this work [30,31].
However, the validity of the third condition (iii), i.e.
the neglection of any time dependence of the extent
of RET on the relative orientations between the
donors and acceptors is not obvious. Therefore, it
must be justified by inspection of the temporal as
well as the spatial and angular ranges of averaging
the orientational factor, «?, contributing to R,.

The analysis of the time-resolved fluorescence
anisotropy curves of NBD-PE in POPC/C,EQ,
membranes yields a mean correlation time of molec-
ular reorientations of 2.1 + 0.3 ns. Assuming a simi-
lar value for reorientations of the acceptor and relat-
ing these correlation times to the average lifetime of
donor fluorescence, 7, = 6.8 + 0.3 ns, we notice that
the limit of fast reorientational averaging appears to
be met satisfactorily. Furthermore, the averaging of

1000

800 -

600

4

400

200

Intensity / arb. units

25

204

time /ns

Fig. 4. NBD-PE (donor) fluorescence decays (O) in POPC/C, EO, membranes in the presence of rhodamine-PE (acceptor) at molar
acceptor /lipid ratios of R, - 102 =0.24, 0.56, 1.12 and 1.68. L denotes the laser response. The curves (solid lines) are calculated according
to Eq. 3. The residuals corresponding to the decay measured at R, = 0.56 are shown at the bottom in order to give a typical example of the

quality of the fits.
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k? should consider the restricted angular range of

reorientations accessible to the fluorophores during
the lifetime of the excited state. Using the concept of
axial depolarization factors applied to lipid mem-
branes [31] it is shown in the appendix that decay
functions of the form given by Eq. 3 represent a
good approximation for the system investigated.

Thus the time-resolved fluorescence data are ana-
lyzed in terms of the layer model mentioned above
in order to determine the surface area of the deter-
gent molecule in the membrane. In the fitting proce-
dure the lipid concentration C, was assumed to be
the only free adjustable parameter in the function
given by Eq. 3.

The lifetime 7, of NBD-PE in membranes with-
out acceptor was measured separately. The Forster
radius of R, = 4.6 nm was calculated previously [32]
according to

3,2 -4 176
R,=9.768 - 10°(k’Qpn~*Jp,) (5)
using n =14, k*=2/3, 0, =0.27 and J,, =2.4
107" ¢cm™® mol™! for the refractive index of the
medium, the dipole—dipole orientation factor, the
quantum yield of the donor in the samples without
acceptors and the overlap integral, respectively.

The distances between the donor and acceptor
planes, d, and d,, were derived from the bilayer
geometry [3] and from the penetration depths of the
fluorophoric groups. In PC-membranes the rho-
damine and NBD fluorophores were found to be
located near the lipid—water interface [32] and within
the glycerol region [36,38], respectively. No changes
of the fluorescence spectra of the NBD and rho-
damine derivatives have been observed after addition
of any C,EO, used in this work. Therefore, we
conclude the localization of the fluorophores to re-
main unchanged within the modified membranes.
Assuming a thickness of the hydrophobic core and of
the headgroup region of 3 nm and of 0.6 nm, respec-
tively, we used d, =1 nm and d4,=4 nm. This
choice takes into account an average projection of
the acceptor fluorophore from the membrane inter-
face (see Fig. 1) the magnitude of which was esti-
mated from the chemical structure of rhodamine in
analogy to Davenport et al. [31]. The projection of
the dipole responsible for the energy-transfer-accept-
ing properties is about 0.25-0.65 nm, giving the

mean distance from the membrane surface of 0.4 +
0.1 nm.

A non-linear algorithm was used to fit the decay
curves by optimization of the acceptor concentration,
C,, at constant d, and d,, yielding acceptable fits
(cf. residual plot Fig. 4). Alternatively we treated d,
and/or d, as free adjustable parameters, additionally
to C,.

However, no significant improvement of the sum
of squared residuals was obtained. These attempts
yielded very unstable results in most cases with
confidence intervals of the d-values typically larger
than | nm. Apparently, the subtle modifications of
the calculated decays induced by changes of the
distance parameters are below the noise level of the
experimental signals and, consequently, cannot be
resolved. Therefore, the fitting algorithm was re-
stricted to C, only using the prescribed values for d,
and d, given above.

Making use of the relation C, = R, /A the aver-
age lateral area per lipid, A, was calculated by linear
regression of C, versus R,, the molar ratio accep-
tor /lipid present in the samples. Assuming additivity
of the areas of the components [43], A is given by

A=A +R A, (6)

where R is the molar ratio detergent/lipid. The net
area of one lipid molecule, A, = 0.65 nm?, was
taken from pure POPC bilayer data [3,32]. After
rearrangement of Eq. 6, the net area per detergent,
Ap, is

Ap = . (7)

Fig. 5 shows the A, data drawn in dependence on
the length of the EO-chain at two different deter-
gent/lipid molar ratios. The areas of the detergents
with up to three EO units are about 0.25-0.30 nm?.
This value corresponds approximately to the cross
section of a hydrocarbon chain in liquid—crystalline
phases. For n > 3 the area of the detergent increases
continuously with n, the number of EO-groups per
molecule, up to 1.16 nm? for C,,EO4. Rosch et al.
[44] estimated the cross section of extended EO-
chains in the all trans and helical conformations. The
respective values of 0.19 nm? and 0.28 nm’ are
significantly smaller than the measured ones and
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Fig. 5. Surface area occupied by one C, EO, molecule, A, for
n=1-8 in POPC bilayers at molar detergent/lipid molar ratios R
of (A) 0.33 and (@) 1. The lines represent the cross section of
spheres the volume of which was calculated by using the molecu-
lar weight of n EO units and a density p of 1 g cm™>. The upper
line considers additionally the volume of two water molecules per
EO unit. The horizontal dotted line corresponds roughly to the
cross section of one hydrocarbon chain in the liquid-crystalline
bilayer. The limits of experimental errors are estimated from the
standard deviation of the slope of the linear regressions of 5-6 C,
values versus R, as well as from repeated measurements of the
same data points.

should, furthermore, not depend on the length of the
ethylene oxide chain.

In order to imagine the area requirement of a
completely disordered EO-chain in the membrane
plane we estimated the cross section of a sphere the
volume of which was calculated using the molecular
weight of n ethylene oxide units and a density of 1
g/cm’. Additionally, the hydration was taken into
account by inclusion of the volume of two water
molecules per EO-unit [45,46]. The A, data of the
detergents with n > 2 fit between the two curves
calculated from this simple geometrical considera-
tion thus indicating a disordered, coiled conforma-
tion of the EO chain to be more likely than an
extended one. No differences of A between the
samples with R =1 and R = 0.33 could be detected
within the limits of experimental error.

The A values have been determined assuming a
constant membrane thickness and the additivity of
lipid and detergent surface areas. Both assumptions
seem to be critical because the incorporation of
detergent into the bilayer gives rise to the fluidiza-
tion of the lipid causing in this way a reduction of

the thickness of the hydrophobic core of the bilayer
coupled with the increase of the surface area per
lipid [47). Lateral expansion on the one hand and
contraction in the normal direction on the other have
opposite consequences on the average distance be-
tween donors and acceptors and therefore are ex-
pected to compensate each other at least partially.
Indeed, the efficiency of energy transfer between
NBD-PE and Rh-PE in POPC vesicles was shown to
be independent on temperature thus confirming this
hypothesis experimentally [32]. Therefore we neglect
possible consequences of the detergent induced flu-
idization on the geometry of the bilayer.

However, the shorter acyl chain of the detergent
is expected to reduce the average thickness of the
mixed membranes in comparison with the pure lipid
bilayer. The thickness of the hydrophobic core in
fully hydrated bilayers of C,EO,;, C,,EO, and
C,EO4 was 1.91 nm, 1.65 nm and 1.36 nm, respec-
tively, as determined by means of X-ray scattering
(23] Konig [3] measured the thickness of
POPC/C,,EO, bilayers. At a molar ratio R=0.5
the respective quantity decreases from 3.8 nm for
n=2 down to 3.55 nm for n= 8. Extrapolation to
the higher molar ratio R = 1 yields a reduction of the
membrane thickness by 0.5 nm for n = § relative to
the POPC bilayer (3.8 nm). Assuming for a rough
estimate that this reduction is related exclusively to
the hydrophobic core, actually, a smaller distance
parameter d, < 4 nm should be used to fit the fluo-
rescence decays.

However, the precise thickness of the hydropho-
bic core is still unknown in the systems investigated
and therefore an arbitrary variation of the parameter
d, will introduce an additional degree of uncertainty
into the data treatment. Instead, we consistently used
a constant thickness parameter d, = 4 nm to fit the
decay data of the different lipid /detergent mixtures
as noted before.

In order to estimate the effect of the variation of
d, on the area data we calculated theoretical decay
curves corresponding to the reduced membrane
thickness given above for n= 8. In a first step we
generated decay data with d, = 3.5 nm and A = 0.78
nm’. We assumed the area to be correlated with d,
by the condition of incompressibility, i.e. a constant
volume of the hydrophobic core: (d, — d,)- A = 0.65
nm?-3 nm=0.78 nm?- 2.5 nm = const. Fitting of
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Area per surfactant molecule, Ay, and critical packing parameter, f, as determined by RET

System Area per detergent molecule (nm?) Packing parameter f

RET X-ray

(3] [22] [23]

POPC 0.65 + 0.03 ° 0.66 + 0.02 0.65
C,,EO, 0.26 £ 0.03 ©
C,,EO, 0.27+0.03° 0.26 +0.02
C,EO0, 0.29+0.03° 0.368 0.72
C,EO, 0.43+£0.03° 0.40 + 0.02 0.426 0.43 + 0.02 0.50
C,,EO. 0.55+0.03° 0.45 £ 0.02 0.39
C,EO, 0.62 +£0.04 ° 0516 0.48 + 0.02 0.34
C,,EO, 0.81+012°¢ 0.54 + 0.03 0.26
C,EOq 116 £0.12 € 0.60 £ 0.02 0.18

X-ray diffraction data of A, taken from the literature, are shown for comparison.

* From ref. [32].
® Values refer to R = 1.
¢ Values refer to R = 0.33.

the theoretical decay curve by means of our standard
algorithm with the incorrect value d, =4 nm yields
an apparent molecular area of 0.71 nm?, i.e. a value
about 10% smaller than the input area. We conclude
that if ¢, is actually smaller than 4 nm, our analysis
would underestimate the membrane area.

Taking into account a realistic range of d, our
rough estimate shows that the data drawn in Fig. 5
and listed in Table 1 represent the lower limit of the
lateral areas of the detergent in the membrane with a
systematic error not exceeding 10%.

Surface areas of some C,EQ, in pure detergent
[23,24] and mixed POPC /detergent systems [3] are
known from previous X-ray diffraction measure-
ments. We found good agreement with our data for
n=2 and n=4 (cf. Table 1). At n> 4 the areas
obtained by the RET method systematically exceed
the respective X-ray data to an increasing degree.
About the possible reasons for this discrepancy we
can only speculate at present.

On the one hand, if we assume that the longer
EO-chains increase the thickness of the headgroup
region than the efficiency of energy transfer will be
reduced and, consequently, our analysis would result
in a smaller area of the detergent. For the thickness
of the hydrophilic part of the bilayer we originally
used 0.6 nm, a value that is about 4 nm smaller than
the Forster radius, R,. The increase of the corre-
sponding distance parameter d, from 1 nm up to an

unrealistic value of nearly R,/2 has, however, no
measurable effect on the amount of RET within one
monolayer of the membrane. Moreover, it appears
not unlikely that some units of the EO-chains are
dived into the hydrocarbon moiety [12,48] and there-
fore any assumption concerning the variation of the
thickness of the interfacial layer would be vague.

On the other hand, we emphasize the quite differ-
ent preparation techniques of samples for fluores-
cence and X-ray diffraction measurement’s giving
either a dilute aqueous vesicle suspension or a rela-
tively viscous dispersion with lipid concentrations
differing by more than three orders of magnitude.

Molecular areas of C, EO, are also obtained by
means of various monolayer techniques [49-52].
Most of the data for pure detergent systems with
n <7 exceed the respective areas given in Table 1
slightly. Naumann et al. published area requirements
of the detergent in DPPC/C , EO, mixtures at least
two times greater than the data given by the other
authors. We believe, however, that a direct compari-
son of molecular areas in monolayer and bilayer
systems is problematic and therefore we exclude the
monolayer data from the discussion.

Furthermore, the considerable discrepancies be-
tween the area requirements of the detergent ob-
tained by means of RET and X-ray diffraction for
n="7, 8, stated above, should be weakened if one
takes into account the limited precision of our data
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due to the absence of measurements at the higher
molar ratio (R = 1) of the detergent in the mixtures.
We emphasize that the relative error is inversely
proportional to R (cf. Eq. 7). The analysis in terms
of the layer model is restricted to the lamellar phase,
i.e. mixed vesicles. In order to avoid solubilization
of the lamellae the composition of the samples is
limited to R smaller than the critical molar ratio of
membrane saturation R, (see below). In the case of
C,EO; and C,EO, the R, values of 0.54 and
0.75, respectively ([12], Heerklotz et al., in prepara-
tion, [53}), are found just above the molar ratio used
and therefore the choice of a higher R in order to
increase the precision of the A data is impossible.
It should be reminded that the mixed micelles formed
at R> R, do not correspond to the applied model
and therefore their presence would falsify the area
data.

3.3. Molecular asymmetry and membrane stability

Israelachvili et al. [19,20] introduced the critical
packing parameter of an amphophil in order to quan-
tify its molecular shape:

fzv/lc'ao (8)

where a, is the optimum area per molecule at the
hydrophobic—hydrophilic interface. v is the molecu-
lar volume of the hydrophobic moiety of the am-
phophil formed by one or two hydrocarbon chains.
The critical chain length, I , sets a limit for the
maximum extended length of the hydrocarbon chains
in the aggregate.

Amphiphils with f<1/3 are likely to form
spherical micelles [19,20]. Nonspherical micelles, bi-
layers and inverted structures are expected if 1 /2> f
>1/3, 1>f>1/2 and f>1 [20), respectively.
Consequently, the shape of the aggregate can be
predicted from the geometry of its constituents.

In order to calculate the critical packing parameter
of the systems investigated we used the empirical
formulae given by Tanford [54]:

.= (0.15+0.1265 - n, ) nm
v=k-(27.4+269-n,) 107> (9)

That means, we approximate the critical length by
the length of an extended saturated acyl chain con-

taining n, methylene groups. v and [/, were calcu-
lated with n, =11 and n, =17 for the detergent
(k= 1) and lipid (k = 2) respectively. k is the num-
ber of hydrocarbon chains per amphophil. No correc-
tion was done for the double bond of the oleic acid
chain of POPC because its influence was estimated
to be less than 2% of the length given by Eq. 9. We
calculated the critical packing parameter, f, of POPC
and C,EO, from Eqgs. 8 and 9 equating the molecu-
lar areas determined by the RET method (cf. Table
1) with the optimum area, a,,.

The f-values of POPC, C,EO; and C,,EO, are
within the boundaries typical for lamellar phases (cf.
Table 1 and Fig. 6). Indeed, these three amphiphils
were found to form lamellar phases over a wide
concentration range at room temperature [1]. The
pure detergents with n =15, 6, 7 and 8 are known to
form micelles in an aqueous environment at room
temperature [1,55-57]. The packing parameters, f,
estimated for these detergents on the basis of our
measurements decrease from 0.39 to 0.15, thus re-
flecting the preference of these amphiphils to assem-
ble into micelles correctly.

0.8 lamellae

06

nonsperical
041 micelles

02} sperical micelles

1 1 A 1

0.0 0.2 04 0.6 0.8 1,0
X

Fig. 6. Dependence of the critical packing parameter, f;, calcu-
lated by means of Eq. 8 versus the mole fraction of the detergent,
x, in POPC/C,EO, mixtures. The symbols denote the mole
fraction of bilayer saturation, x, (a) and solubilization, xy
(v), both taken from ref, [12]. The critical packing parameters of
the pure detergents are shown by circles at x = 1.
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A mixture of POPC with C |, EQ, (n = 5-8) shows
a transition between lamellar and micellar phases
upon increasing mole fraction of the detergent, x.
This transition is characterized by the coexistence of
bilayers and micelles in the concentration range X,
< x < xgq, according to the model of solubilization
proposed by Lichtenberg [58]. The bilayers present at
low x are saturated with detergent if its composition
reaches xg,r and consequently, the formation of
mixed micelles starts. In the coexistence range the
composition of bilayers and micelles is given by
xgar and xgo , respectively, independent on the
overall mole fraction x in the sample. Solubilization
completes at x = xg, , i.e. at higher mole fractions
of the detergent only micelles exist.

Within the frame of the concept of molecular
packing constraints the critical mole fractions xg,
and xgo should correspond to definite values of the
critical packing parameter that characterize the limits
of bilayer and micelle stability, respectively. We
calculated the effective packing parameter in
POPC/C ,EO, mixtures, f;, as the weighted aver-
age of the packing parameters of the lipid and deter-
gent, f, and f,, respectively, e.g.

fo=xfot(-x)-fi (10)

Obviously, f; changes as a linear function of x
between the pure component values f; and fj as
shown in Fig. 6. For n =15 to 8 these straight lines
intersect the limit of bilayer stability, f= 0.5, shown
by a horizontal line. The respective mole fractions at
f=0.5 are in good agreement with the critical mole
fractions xg, of the POPC/C ,EQ, binary systems
determined experimentally ([13], Heerklotz et al., in
preparation, [53]).

In Fig. 6 the limiting compositions of the mixed
micelles, xg,, , indicate the upper boundaries of the
coexistence regions established experimentally for
n =5-8 ([13], Heerklotz et al., in preparation). The
corresponding packing parameters decrease from 0.41
(n=15) 10 0.34 (n=28) and thus are found in the
range typical for nonspherical micelles. For n="7
and 8 the increase of the amount of detergent in the
mixed micelles will reduce the critical packing pa-
rameter below the lower limit of stability of non-
spherical micelles at f= 0.33. Consequently we ex-
pect a change of the micellar shape leading ulti-
mately to spherical aggregates, which are really found

in C,EOq aqueous dispersions [55]. On the other
hand the less asymmetric molecules C,,EOQ; and
C,EO¢ form nonspherical micelles in an aqueous
environment [55-57].

According to the concept of opposing forces [54]
the optimal surface area of an amphophil is deter-
mined by the competition of attractive and repulsive
forces acting in the interfacial region. The surface
area of C,,EO, with n>2 was found to increase
with the length of the ethylene oxide chain. Further-
more it exceeds the expected cross section of a
dodecy! chain in liquid crystalline bilayers of about
0.25 nm?. We conclude therefore that the changes of
the A, values are controlled mainly by the repulsive
forces originating from the head groups, i.e. the
ethylene oxide chains. That means that the cross
section of the EO-chain determines the surface re-
quirement per detergent molecule. Therefore we
identified the area per headgroup, a,, with A, the
lateral area determined by means of RET method, as
outlined before.

However, for C,EO, with n <3 we found A,
values of about 0.25 nm® corresponding to the cross
section of an acyl chain in the liquid crystalline state.
We conclude that in these cases the repulsion be-
tween the hydrocarbon tails controls the A, data and
therefore they cannot be interpreted as the area of the
hydrophilic part of the amphophil, which could be
smaller.

Consequently, the detergents with the shorter
EO-chains can be characterized possibly by an in-
versely asymmetrical molecular shape that, however,
cannot be quantified in more detail. Inverse micellar
and hexagonal phases are really found in aqueous
C,,EO, and C,EO,/POPC-systems [1,6] even at a
high degree of hydration.

4. Summary and conclusions

Fluorescence resonance energy transfer yields in-
formation about the geometry of bilayers formed in
surfactant aqueous dispersions. The sensitivity range
of this method is determined in a decisive way by
the Forster radius of the donor acceptor pair chosen.
In our case the R, extends beyond the bilayer thick-
ness. Consequently, the model of fluorescence deac-
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C,,EQ,

< hydrophilic
groups

«-acyl chains -

Fig. 7. Schematic depiction of the insertion behaviour of a
molecule C,EOQ, with n=1 (left) and n= 6 (right) into POPC
membranes.

tivation includes RET to acceptors located in both
layers of the membrane. The analysis applied allows
to determine the surface area of the lamellae. Assum-
ing additivity of the surface requirements of the
components we found that the area per detergent in
POPC/C,,EO, membranes increases with the num-
ber of EO-units per detergent. Within the framework
of Israelachvili’s concept of molecular packing con-
straints this area increase is expressed in terms of the
critical packing parameter, f, giving a measure of
the asymmetry of molecular shape.

Detergent molecules with more than three EO-
units, i.e. n> 3, are characterized by a more asym-
metrical shape than the lipid. Therefore they are
found to destabilize the POPC bilayer as indicated
by the decreased DPH order parameter as well as by
the tendency to solubilize the membranes for n > 4.
On the other hand the C,,EO, with the shorter
EO-chains (n < 3) are assumed to fit into the bilayer
without a marked disturbing effect. Even a moderate
decrease of the ‘fluidity’ of the hydrocarbon core
was observed after addition of C,,EO, to the POPC
vesicles. The incorporation of C,EO, with shorter
and longer EO-chains into a lipid membrane is illus-
trated schematically in Fig. 7.

The effective molecular shape in the
POPC/C,EO, mixtures changes with the mole
fraction of the detergent. For n > 4 the limiting mole
fraction of bilayer saturation was deduced from the f
data in the two-component bilayer. These data agree
well with respective values determined previously
([13], Heerklotz et al., in preparation) thus confirm-
ing the limit of bilayer stability usually adapted to
f=0.5. The potency of C,,EO, to destabilize the
bilayer increases with the ethylene oxide chain length

and consequently it correlates with the asymmetry of
the molecular shape of the detergent.
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Appendix A

The dynamic average of the orientation factor of
RET between a donor and an acceptor fluorophore
located on two parallel planes is given by [31]:

K*(B)
=(1 —3/32)2SDSA +%(1 - Sp) +%(1 -S,)

+B2[Sp(1=83) +5,(1 - 5p)]

d,
B=—r— (11)

where d; and r denote the distance between the
planes and fluorophores, respectively. S, and S, are
order parameters characterizing the range of orienta-
tions accessible to the emission dipole of the donor
and the absorption dipole of the acceptor, respec-
tively. Within the frame of the layer model Eq. 4
modifies by substitution of R§-3/2- «x*(8) for RS

N(t,d,)
1
(o]

R

i=12. (12)

Decay curves calculated according to Eq. 12 for
various interplane distances and order parameters are
shown in Fig. 8A. The special case S, =S,=0 is
equivalent to the dynamic random average of k%=
2 /3 described by Eq. 4. The respective decays devi-
ate clearly from the dependencies obtained for com-
pletely ordered fluorophores, ie. S, =S, = 1. For

= exp 27-rd,.2CAf [1
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N(t.d)

time /ns

N(t,d,) . N(t,d,)

time /ns
Fig. 8. Decay curves (A) N(r,d) and (B) N(1,d,)- N(1,d,) calcu-
lated according to Eq. 12 for order parameters (—————)

Sp=S,=1,(---) Sp=S,=05and (---) S,=5,=0. In
(A) the interplane distance was d = | nm, 4 nm and 6 nm for the
lower, central and upper set of curves, respectively. The acceptor
concentration, C,, corresponds to a molar acceptor/lipid ratio of
R, =0.02 and an area per lipid of A_ =0.65 nm’. In (B) the
decays are calculated for interplane distances d4,=1 nm and
d, = 4 nm. C, corresponds to R, =0.02, 0.01 and 0.005 for the
lower, central and upper set of curves, respectively.

the small interplane distance (d = 1 nm) typical for
RET within one monolayer the orientation of the
fluorophores induces a slower or steeper decay at
short and longer times, respectively. For RET across
the hydrophobic core of the bilayer, i.e. d=4 nm,
N(t,d) decreases more slowly at longer times (> 4
ns) in comparison with the case of randomly oriented
fluorophores.

Intermediate order parameters (S, = Sy = 0.5) re-
duce these deviations from the random case partially.
If one takes the mean fluorescence order parameter
of NBD-PE in POPC/C ,E, membranes (S = 0.47
+ 0.05) as a good approximation to the order param-
eters of the respective transition dipoles, the curves

with S, = S, = 0.5 correspond roughly to the mem-
brane system investigated.

This analysis proofs that the restricted reorienta-
tions of the fluorophores should be considered gener-
ally, i.e. Eq. 4 represents a poor approximation to the
more general decay law given by Eq. 12 at least for
order parameters S>> 0.5. However, the energy
transfer in bilayers is described typically by a prod-
uct of two functions N(r,d,)- N(1.d,) (cf. Eq. 3).
The combination of interplane distances (d, = | nm,
d, = 4 nm) of the fluorophores used leads to a partial
(S, =S, =1) or almost complete (S, =Sy =0.5)
compensation of positive and negative deviations
from the decay calculated from the random average
of k? (see Fig. 8B). Note that the most pronounced
changes of the decays are caused by the acceptor
concentration, C,, representing the parameter within
the focus of interest. Small deviations between the
isotropic case and the curve calculated with S, = S,
=0.5 become obvious at a longer time (r> 7).
However, the curves are rescaled to a steeper decay
with increasing C,, thus reducing the effect of this
inaccuracy because of the low fluorescence intensity
really present at longer times. Therefore we conclude
that Egs. 3 and 4 can be used as a good approxima-
tion to analyze the fluorescence decays in the sys-
tems investigated.
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