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ABSTRACT: Angle-resolved fluorescence depolarization experiments were carried out on 1,6-diphenyl-
1,3,5-hexatriene (DPH) and 1-[4-(trimethylammonio)phenyl]-6-phenyl-1,3,5-hexatriene (TMA-DPH)
molecules embedded in macroscopically oriented multilayers of saturated [dimyristoylphosphatidylcholine
(DMPC)] and unsaturated [palmitoyloleoylphosphatidylcholine (POPC), dioleoylphosphatidylcholine
(DOPCQ), dilineoylphosphatidylcholine (DLPC), plant digalactosyldiglyceride (DGDG)] lipids with and
without cholesterol. In all the lipid systems studied the order parameter (P,) of TMA-DPH molecules was
found to be higher than that for DPH. Considerations of the order parameter (P,), however, indicate that
DPH molecules have a heterogeneous distribution in bilayers of unsaturated lipids, with a significant fraction
of the molecules lying with their long axes parallel to the bilayer planes. Both the DPH and TMA-DPH
molecules exhibit a decrease in the molecular order as well as a decrease in their rates of motion on increasing
the unsaturation of the hydrocarbon chains. The addition of cholesterol tends to reverse this effect, with
an increase in both the order and dynamics. Bilayers of DOPC, however, exhibit a somewhat different result.
It is suggested that the discrepancies between these observations and findings with lipid vesicle systems simply
reflect the effects of curvature on the behavior of the probe molecules. The results indicate that the concept
of membrane fluidity must be used with great caution.

I)hysical techniques are widely used in quantitative studies
of the nature of the interactions between and the structural
roles of phospholipids, cholesterol, and proteins in membrane
systems (Quinn & Chapman, 1980; Seelig & Seelig, 1980;
Huang, 1977; Yeagle, 1985; Stubbs, 1983). The experimental
results are often interpreted in terms of “membrane fluidity”,
which is now taken to be a general concept describing the
overall physical state of the membrane system and in particular
the lipid bilayer. Seelig and Seelig (1980) have pointed out
that in order to define the physical state of the membrane lipids
on a molecular level one has to distinguish clearly between the
time-averaged structural parameters, such as order parameters,
and the relaxation times or correlation times, which charac-
terize the dynamics and fluctuations in the structure. The
correlation between the molecular order and the dynamics of
the lipid fatty acid chains is, however, as yet not well un-
derstood.

Studies of model membrane systems have shown that the
molecular order and dynamics of the lipid chains are drastically
affected by the introduction of cis double bonds into the fatty
acid chains of the lipid molecules. It is now commonly ac-
cepted that the introduction of unsaturation results in a marked
decrease of the molecular order in the liquid-crystalline phases
of the lipids (Seelig & Seelig, 1977; Stubbs et al., 1981; van
de Ven & Levine, 1984; Mulders et al.,, 1986). However,
deuterium NMR! investigations of Seelig and co-workers

! Abbreviations: PC, phosphatidylcholine; DMPC, 1,2-dimyristoyl-
sn-glycero-3-phosphocholine; POPC, 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine; DOPC, 1,2-dioleoyl-sn-glycero-3-phosphocholine;
DLPC, 1,2-dilineoyl-sn-glycero-3-phosphocholine; DGDG, di-
galactosyldiacylglycerol; DPH, 1,6-diphenyl-1,3,5-hexatriene; TMA-
DPH, !-[4-(trimethylammonio)phenyl]-6-phenyl-1,3,5-hexatriene;
NMR, nuclear magnetic resonance; ESR, electron spin resonance.
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(Seelig & Seelig, 1975; Seelig & Waespe-Saréevic, 1978) have
shown that the effects of geometric factors have to be con-
sidered in the interpretation of NMR data. If this was done,
they found no reduction in membrane order with the intro-
duction of a double bond in the membrane.

ESR! experiments (Seelig & Seelig, 1977) and time-resolved
fluorescence anisotropy studies (Stubbs et al., 1981) of probes
embedded in vesicle systems have shown that the introduction
of cis double bonds into the lipid chains causes an increase in
the dynamics of the probes. In marked contrast, ESR ex-
periments (Koole et al., 1984; Van Ginkel et al., 1986) and
fluorescence depolarization experiments (Van de Ven &
Levine, 1984; Mulders et al., 1986) report slower orientational
motions of the probe molecules in multibilayer systems of
unsaturated lipids than in multibilayers of DMPC above their
phase transition. .

The effects of cholesterol on the properties of model mem-
branes have also been the subject of much research effort [for
a review, see Yeagle (1985)]. It has been shown, by a variety
of techniques, that the addition of cholesterol into phospholipid
bilayers enhances the orientational order of the hydrocarbon
chains in the fluid-crystalline phase but disrupts it in the gel
phase (Dufourc & Smith, 1986; Dufourc et al., 1984; Kusumi
et al., 1986; Guyer & Bloch, 1983; Wolber & Hudson, 1981,
Yeagle, 1981; Johansson & Lindblom, 1980; Kawato et al.,
1978; Huang, 1977; Demel & De Kruijff, 1976). It is cur-
rently accepted that in the presence of cholesterol the acyl
chain region of the lipid bilayer is in a state intermediate
between the gel and liquid-crystalline phases (Yeagle, 1985).
The steroid nucleus of the cholesterol molecule is rigid and
bulky, and there are strong experimental indications that it
overlaps the first 9-12 carbons of the lipid chains, thus re-
stricting their motion; the terminal sections of the chains are
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then less affected (Oldfield et al., 1978; Dufourc et al., 1984;
Stockton & Smith, 1976; Kutchai et al., 1983). Unsaturated
acyl chains, however, appear to have a different interaction
with cholesterol than saturated ones (Kusumi et al., 1986;
Demel et al., 1972). The ordering influence of cholesterol in
bilayers of unsaturated lipids was found to be greatly reduced
compared to bilayers of saturated lipids. Monolayer studies
(Demel et al., 1972) showed that the addition of cholesterol
to monolayers of disaturated or di-unsaturated acyl chains had
no condensation effects. Monolayers of mixed-chain phos-
phatidylcholines did, however, exhibit condensation whereby
the mean area per molecule decreased significantly. Huang
(1977) explained these observations by assuming that the 3
surface of the sterol nucleus interacts preferentially with the
“pocket” above the Ag o-cis double bond of the acyl chain,
while the « face interacts preferentially with the fully saturated
chains.

Although the influence of cholesterol on the molecular order
in bilayer systems is clear-cut, the consequences for the mo-
lecular dynamics as monitored by fluorescence depolarization
experiments appear to be confused (Kawato et al., 1977,
Veatch & Stryer, 1977; Hildenbrand & Nicolau, 1979; Wolber
& Hudson, 1981; Kutchai et al., 1983). Interestingly, Ghosh
and Seelig (1982) have shown using 2H NMR experiments
that the addition of cholesterol to bilayers of different phos-
phatidylethanolamines induces a dramatic increase in the T,
values, which correspond to increases in the rates of motion
of the trans double bonds of the acyl chains.

Here we report a study of the molecular order and dynamics
of the fluorescent probe molecules DPH and TMA-DPH em-
bedded in bilayers of unsaturated lipids with or without cho-
lesterol. The aim of the study is to clarify the correlations
between the orientational order and reorientational dynamics
in multibilayer systems induced both by an increase of the
unsaturation of the hydrocarbon chains and by the addition
of cholesterol. The technique of steady-state angle-resolved
fluorescence depolarization (AFD) was used in the experiments
(Van der Meer et al., 1982; Kooyman et al., 1983; Van de Ven
& Levine, 1984; Mulders et al., 1986; Van Ginkel et al., 1986).
We have shown previously that measurements of the angle-
resolved fluorescence depolarization combined with knowledge
of the fluorescence decay functions afford the determination
of the order and dynamics of the probe molecules in lipid
bilayer systems (Mulders et al., 1986; Van Ginkel et al., 1986).
Furthermore, the order parameters of the absorption and
emission transition moments of the probes are also easily
determined. The value of the technique in studies of lipid
bilayer systems has been amply demonstrated.

The results show that DPH molecules possess a heteroge-
neous orientational distribution in bilayers of unsaturated
lipids, with a significant fraction of the molecules lying with
their long axes parallel to the bilayer planes. This is in marked
contrast to TMA-DPH molecules, which in any case are ex-
pected to be anchored at the head group region of the bilayer.
Both the DPH and TMA-DPH molecules exhibit a decrease
in the molecular order as well as a decrease in their rates of
motion on increasing the unsaturation of the hydrocarbon
chains. The addition of cholesterol merely reverses this trend
and causes an increase in both the order and dynamics. Bi-
layers of DOPC, however, exhibit a somewhat different be-
havior.

It is concluded that the discrepancies between these findings
and the results from small unilamellar lipid vesicles simply
reflect the effects of curvature on the behavior of the probe
molecules. The results thus indicate that the concept of

membrane fluidity must be used with great caution.

THEORY

Angle-Resolved Fluorescence Depolarization (AFD) Ex-
periments. The theory of the experiment has been discussed
in detail previously (Van der Meer et al., 1982; Kooyman et
al., 1983; Van de Ven & Levine, 1984) and will only be
summarized here. The experimental geometry described by
Van de Ven and Levine (1984) and Mulders et al. (1986) was
employed. The angle-resolved fluorescence depolarization
ratios are given by

Re=1J_/IH = [1 -Rl + (R3+R1) Sinz 0]/
[l+ R + (R,—- Ry sin® ¢ + (R~ R)) sin® ¢ +
R, sin 28 sin 2¢ + R, sin? ¢ sin? 4] (1)

where 7| and J are the intensities of the fluorescence emission
polarized respectively perpendicular to and parallel to the plane
of incidence. Here 6 denotes the angle of incidence of the
excitation beam relative to the normal (director) to the
multibilayer plane, and ¢ is the angle under which the light
emission is observed. The only assumption underlying the
derivation of eq 1 is that the probe molecules have a macro-
scopically uniaxial distribution about the normal to the surface
of the sample.

The angles in the sample and the laboratory can be related
simply if the refractive index of the same is known. However,
the effects of the sample/air interface on the transmission of
light intensity are more complex and depend furthermore on
the direction of polarization. The various artifacts have been
discussed in detail by Lax and Nelson (1973). It can be easily
shown that the effects of multiple reflections of the exciting
and emitted light within the sample compensate the trans-
mission losses of the fluorescent light at the interface. Fur-
thermore, consideration of the ¢ dependence of the intensities
1, and I, obtained with a normal incidence of the exciting light
(8 = 0°) indicates that only solid-angle expansion [see Lax
and Nelson (1973)] distorts the experimental results. This
effect cancels out on calculating the polarization ratio.
Consequently, no correction need be applied to the values of
R, determined experimentally. We note here that Van de Ven
and Levine (1984) ignored the effects of multiple reflections
in the analysis of their results.

The polarization ratio R, is measured for various combi-
nations of 4 and ¢ and affords the determination of five in-
dependent quantities, S,, S,, g, &, and g,, from steady-state
experiments. Here S, and S, are respectively the second rank
order parameter (=(P,)) for the absorption and emission
transition moments. For DPH and TMA-DPH molecules the
quantities g, k = 0, 1, and 2, are defined by

g = 2.57 J; Gi(t) dt

Gk(t) = (D%O(QA)D%B(QV)>

S Foar=
o M/ exp(-t/7) + (aa/m) explt/ml dr = 1 ()

where D%, are Wigner rotation matrix elements (Rose, 1957)
and Q, and Q, denote respectively the orientation of the ab-
sorption moment at time ¢ = 0 and that of the emission mo-
ment at time ¢, relative to the director frame. F(¢) denotes
the normalized intrinsic fluorescence decay function, and 7,
is the fundamental anisotropy of the molecules.

The time behavior of the correlation functions G(t) is ob-
tained from models for the reorientational motion of the
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molecules. It is important to realize that the values of G,(¢)
for ¢ = 0 and t — = are model independent as a consequence
of the assumption that the motion can be described as a sto-
chastic process. These limits can be expressed solely in terms
of the order parameters (P,) and (P,) (Zannoni et al., 1983;
Zannoni, 1979). The correlation functions G,(r) and G,(¢)
decay to zero at long time, whereas the function Gy(¢) decays
to a constant value given by (P,)2

F(t) can be determined experimentally on observing the
fluorescence emission in a direction normal to the sample
surface (¢ = 0°) and under an angle of incidence in the sample
of 8 = sin™! (1/+/3). If the polarizer on the emission side is
set with its optical axis at 45° to the vertical, then the com-
bined signal 7, + I, is proportional to F(z) (Van der Meer
et al., 1982).

Orientation of Molecules in Membrane Systems. We shall
here consider the case of a uniaxial bilayer system containing
cylindrically symmetric probe molecules. The orientation of
the molecules in the system is specified by the angle 3 between
the molecular symmetry axes and the bilayer normal (Zannoni,
1981).

The orientational distribution of an average molecule in the
system is then characterized by a probability distribution f{).
This distribution can be expressed as a series expansion of
Legendre polynomials, P;(cos ), each of which is weighted
by an order parameter (P;) which is the ensemble average
of the corresponding term:

SB) = (1/2)L}§0(2L + 1)(P;)P(cos B) Leven (3)

£8)20; f A8 sin dp =1

(P) = [ f(B)Py(cos B) sin § dB

The orientational distribution function f{(#8) is fully char-
acterized if all the order parameters (P;) are known. In
practice, however, only (P,) and (P,) are accessible experi-
mentally. Mathematically, (P,) and (P,) are defined as

(Py) =(1/2)(3cos’ B~ 1)
(P,) = (1/8)(35 cos* B — 30 cos? B + 3)

The main difficulty now is obtaining an objective and re-
alistic estimate of the form of f(8) from limited knowledge
of its moments. This may be accomplished by an informa-
tion—theoretic approach (Van der Meer et al., 1982). The
essential point is that, given the order parameters (P,) and
(P,), the most probable values of (P;), L 2 6, are calculated
under the assumption that the informational entropy of f(5)
is a maximum. This corresponds to the construction of the
broadest possible distribution function consistent with the
known values of (P,) and (P,). It can then be shown that
the resulting distribution function has the form

S(B) = A exp[A;Py(cos 8) + AyPy(cos B)] 4

where A is a normalization constant and X\, and A4 are de-
termined from the known values of (P,) and (P,). If only
the order parameter (P,) is known, the distribution function
takes the form of eq 4 but with A, = 0. We note here that
eq 4 has the form of a Boltzmann distribution with an an-
gle-dependent orienting potential.

It can be seen from eq 4 that if only (P,) is known, the
reconstructed distribution function has either a maximum at
B = 0 and decreases monotonically to a minimum at 8 = «/2
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or vice versa. Knowledge of (P,) is required for establishing
the existence of a collective molecular tilt which is manifested
by a maximum of the distribution function at an angle in-
termediate between 0 and /2. On the other hand the ob-
servation of a minimum at such an angle may be taken as an
indication for a superposition of two or more independent
populations of molecules. The available information, however,
is too limited to allow their resolution.

Model for Reorientational Motion: The Rotational Dif-
Sfusion Model. The probe molecules in this model are assumed
to undergo small-step rotational diffusion subject to an an-
isotropic orienting potential U(3). In view of the discussion
above on the reconstruction of the equilibrium orientation
distribution function, we shall choose U(3) to take the form

U(B) = —kTi\,Py(cos B) + AyPy(cos B)} (5)

We note that our choice of the orienting potential spans all
the physically permissible pairs of ({P,), (P,)) values. It is
important to realize that this model does not presuppose sticky
boundary conditions for which an interpretation in terms of
viscosity is valid.

The correlation functions are now given as a sum of expo-
nential decays:

Gi() = %bﬁf exp(-D  arfy!) (6)

where the amplitudes b% and the exponential factors o, are
determined by A, and A,. D, is the diffusion coefficient of
the symmetry axis of the molecule.

In many practical situations, the correlation functions G(r)
are found to have a monoexponential decay of the form of eq
5 but with a separate correlation time for each k (Zannoni
et al., 1983; Szabo, 1984).

MATERIALS AND METHODS

Cholesterol, dimyristoylphosphatidylcholine (DMPC),
palmitoyloleoylphosphatidylcholine (POPC), dioleoyl-
phosphatidylcholine (DOPC), and dilineoylphosphatidylcholine
(DLPC) were purchased from Sigma Chemical Co. (St. Louis,
MO) and used without further purification. Plant di-
galactosyldiacylglycerol (DGDG) was bought from Lipid
Products (England). Stigmasterol and 1,6-diphenyl-1,3,5-
hexatriene (DPH) were obtained from Fluka (Switzerland).
TMA-DPH was purchased from Molecular Probes Inc. (Plano,
TX). The fluorescent probes were dissolved in absolute ethanol
and stored under nitrogen in the dark at 4 °C. When nec-
essary, the purity of the lipids and the fluorescence probes were
controlled by HPTLC.

Sample Preparation. Lipid bilayers macroscopically or-
iented between microscope coverglasses were prepared as
described by Kooyman et al. (1983), Van de Ven and Levine
(1984), and Mulders et al. (1986). Perfectly aligned samples
were selected by means of a polarization microscope equipped
with a first-order red plate, and it was checked that the same
values of the polarization ratio R,, within the experimental
error of 2%, were obtained on rotating the samples by an
arbitrary angle about the normal to their surfaces.

DPH and TMA-DPH were used as fluorescent probes; the
probe to lipid ratio was 1:250 on a molecular basis. The
membrane systems were kept in the dark as much as possible
and were only exposed to daylight during the alignment pro-
cedure and on being mounted in the sample holder. Since the
lipids used in these investigations are highly susceptible to
oxidation, all manipulations were performed as much as
possible in a nitrogen atmosphere. The sample contained ca.
25% water unless otherwise stated.
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Table I: Typical Examples of Deconvolution of the Fluorescence Decay of DPH and TMA-DPH in Different Lipid Bilayers
lipid + probe X% a 7y (ns) ay 7, (ns) (g} T (°C)
DMPC + DPH 8.21% 35
POPC + DPH 1.17 0.059 2.99 0.941 7.87 7.58 21
DOPC + DPH 1.74 0.100 0.72 0.900 7.34 6.68 21
DLPC + DPH 1.37 0.095 2.64 0.905 7.34 6.90 21
DGDG + DPH 21
DMPC + chol + DPH 35
POPC + chol + DPH 1.16 0.080 1.19 0.920 7.48 6.97 21
DOPC + chol + DPH 1.28 0.064 1.75 0.936 7.48 7.11 21
DLPC + chol + DPH 1.16 0.085 2.29 0915 7.29 6.86 21
DGDG + chol + DPH 21
DMPC + TMA 5.8% 35
POPC + TMA 1.71 0.158 1.66 0.842 5.14 4.59 21
DOPC + TMA 1.28 0.313 1.06 0.687 3.95 3.04 21
DLPC + TMA 1.39 0.297 1.51 0.703 4.55 3.65 21
DGDG + TMA 2.73 0.218 0.94 0.782 3.07 2,60 21
DMPC + chol + TMA 1.03 0.054 0.87 0.946 6.08 5.80 35
POPC + chol + TMA 1.03 0.072 1.65 0.928 5.76 5.47 21
DOPC + chol + TMA 1.26 0.230 1.51 0.770 4.94 4.15 21
DLPO + chol + TMA 1.41 0.368 1.46 0.632 4.52 3.40 21
DGDG + chol + TMA 1.29 0.597 1.32 0.403 5.16 2.87 21

9The analysis is presented in terms of the following parameters: r,, fluorescence lifetime of component 1; 7,, fluorescence lifetime of component
2; (7}, average fluorescence lifetime, which is defined as a;7; + a,7,, Where & + a, = 1; x%, reduced x?, a measure for the goodness of fit between
the observed data points and the calculated ones. If x2, is less than or close to unity, the fitting function can be considered appropriate; see Dale et

al. (1977) and Dale (1980). ?Data taken from Mulders et al. (1986).

As the unsaturation in the fatty acyl chains increased, it
became more difficult to obtain well-aligned samples in the
presence of cholesterol. Crystal-like structures were observed
at times, and such preparations were discarded. Similar
crystallization effects were observed with stigmasterol and
B-sitosterol.

AFD Measurements. Angle-resolved fluorescence depo-
larization experiments were carried out with the home-built
fluorometer described by Mulders et al. (1986). Fluorescence
decay measurements were carried out with a similar experi-
mental setup as used for the steady-state AFD experiments
using the synchrotron in Daresbury (England) as a pulsed light
source. Time-resolved fluorescence emission was measured
by a single photon counting detection system (Ortec) equipped
with a Philips XP2020Q photomultiplier tube (Mullard House,
London, England). DPH and TMA-DPH were excited at 363
nm, and their fluorescence emission was measured at 435 nm
with the optical equipment described by Mulders et al. (1986).

The fluorescence decay function was extracted from the
measurements using reiterative nonlinear least-squares de-
convolution methods following Dale et al. (1977). The best
fit was judged by the x? test, distribution of residuals, and their
correlation function was mostly obtained for a biexponential
decay.

The intensity of the exciting light was kept as low as possible
to avoid bleaching of the probe molecules, and the intensity
of fluorescence, measured at the same scattering geometry,
remained constant during the experiments. Control experi-
ments showed that the intrinsic fluorescence signals from the
lipids and the coverslips amounted to <1% of the probe
fluorescence intensity.

RESULTS

AFD experiments were carried out on DPH and TMA-DPH
molecules embedded in multibilayers of DMPC, POPC,
DOPC, DLPC, and DGDG with and without cholesterol. In
addition, multibilayers of POPC and DGDG containing sti-
masterol and DPH were also studied. The same values of the
polarization ratios R,, within the experimental error of 2%,
were obtained on rotating the samples by an arbitrary angle
about the normal to their planes. This indicates that the probe
molecules possessed a uniaxial distribution in the samples. The

results shown represent an average of at least five different
samples of each system. The fluorescence depolarization ratios
were measured for 56 different combinations of the angles 6
and ¢. The fluorescence decay functions obtained from the
deconvolution procedures with biexponential decays are shown
in Table I.

Data Analysis. The experimentally observed depolarization
ratios were fitted directly in terms of the rotational diffusion
model following the procedure described by us previously (Van
Ginkel et al., 1986; Mulders et al., 1986) and with the nor-
malized fluorescence decay functions F(¢) shown in Table I.

The analysis makes use of two of our previous findings (Van
Ginkel et al., 1986; Mulders et al., 1986; Van de Ven &
Levine, 1984; Kooyman et al., 1983). Experiments on ma-
croscopically ordered multibilayer systems indicate consistently
that the order parameter S, of the absorption transition mo-
ment is significantly higher than S, the order parameter of
the emission transition moment of DPH and TMA-DPH. This
observation on DPH was corrobarated by Johansson (1985)
in other oriented lipid systems. We have shown that this can
be explained simply on taking the absorption moment to lie
parallel to the long molecular axis of the molecule, but with
the emission moment making an angle g, relative to that axis.
Second, we have shown (Van Ginkel et al., 1986; Mulders et
al., 1986) that the AFD experiment is only sensitive to the long
life time component of the fluorescence decay. Consequently,
the experimental results can be interpreted, with negligible
error, on taking the fluorescence decay to be monoexponéntial
with an effective life-time equal to (r), where

() = fF@) &t Y
These same considerations are valid for the systems reported
here.

The experimental data were analyzed with D (7§}, A, Ag,
and P,(cos $3,) as free model parameters. Analyses of the
results with A, = 0 were also attempted but yielded unsatis-
factory fits with systematic deviations for systems containing
DPH molecules. Reasonable fits were obtained for the
TMA-DPH results, though these still exhibited some system-
atic discrepancies. This is in accord with previous results on
other lipid systems (Van Ginkel et al., 1986; Mulders et al.,
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FIGURE 1: Orientational distribution functions of DPH molecules in
multibilayers of POPC (a), DOPC (b), and DLPC (c¢).
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FIGURE 2: Orientational distribution functions of Figure 1 enlarged
10 times to show the population of DPH molecules in multibilayers
of POPC (a), DOPC (b), and DLPC (c) at 90 °C.

1986). The best fit parameters are shown in Table II, together
with the derived order parameters (P,) and (P,;). We have,
unfortunately, been unable to analyze the results of the DMPC
+ cholesterol systems, which yielded high depolarization ratios
as a consequence of the near perfect orientational order of the
probe molecules.

The analysis shows that the angle 8, between the absorption
and emission moments of DPH is large (=30°) and varies with
the chemical composition of the system. In marked contrast,
much smaller angles were obtained for TMA-DPH (=~16°).
Furthermore, the addition of cholesterol tends to cause a re-
duction in the magnitude of these angles. The other data in
Table II will be explained in the next two sections.

Orientational Order. The results tabulated in Table II show
that for the DPH molecules A, = A4, while for the TMA-DPH
molecules A, > A\,. Consequently, the order parameters (P,)
for the DPH molecules are significantly lower than those for
the TMA-DPH probes in the same system, though similar
values for (P,) are found. Inspection of Table IT shows that
in general the order parameters decrease with increasing un-
saturation, for both probes. Surprisingly, however, the order
parameters for DOPC bilayers without cholesterol are found
to be significantly lower than those found in pure DLPC bi-
layers. The addition of cholesterol causes the order parameters
to increase and to counteract the effects of the unsaturation
of the fatty acid chains. However, it is interesting to note that
the systems of DOPC, DLPC, and DGDG containing chole-
sterol exhibit virtually the same order parameters as the pure
POPC bilayer system, irrespective of the probe molecule used.

In order to gain more insight into the orientational distri-
bution of the probe molecules in the bilayer system, we have
reconstructed the orientation distribution function f(3), eq 4,
using the (P,) and (P,) values listed in Table II. Figures 1
and 2 show the functions for DPH molecules embedded in
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FIGURE 3: Orientational distribution functions of DPH molecules in
multibilayers of POPC + cholesterol (2), DOPC + cholesterol (b),
and DLPC + cholesterol (c).
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FIGURE 4: Orientational distribution functions of Figure 3 enlarged
10 times.
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FIGURE 5: Orientational distribution functions of DPH molecules in
multibilayers of POPC + stigmasterol (a) and DGDG + stigmasterol
(b).

POPC, DOPC, and DLPC bilayers, respectively. The func-
tions are plotted on the same vertical scale and give the
probability of finding a molecule at a given orientation 5. We
note that the number density of the molecules is given by sin
B8 f(8). All three functions exhibit a distinct minimum at 3
=~ 60°. This can be taken as a strong indication of the presence
of at least two distinct populations of DPH molecules in the
bilayers (Van Ginkel et al., 1986). Furthermore, the results
indicate that 4-5% of the DPH molecules in POPC and DLPC
bilayers lie with their long axes parallel to the surface of the
bilayer. Surprisingly, this fraction increases to 13% in DOPC
bilayers. The addition of cholesterol suppresses this effect
(Figure 3 and 4) and narrows the orientational distribution
of the DPH molecules. The influence of cholesterol is par-
ticularly marked in DOPC bilayers.

The effects of the addition of stigmasterol are less clear.
While stigmasterol increases the molecular order of DPH
molecules embedded in bilayers of POPC, it has the opposite
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Table II: Analysis of AFD Measurements of DPH and TMA-DPH in Macroscopically Oriented Multibilayers of Different Lipids with and
without Cholesterol or Stigmasterol and the Average Fluorescence Lifetimes of DPH and TMA-DPH in the Different Lipid Bilayers®

lipid + probe Ay M B, (deg) D {r) (re) (ns)® Dy (ns™) (P (P)) fI90)/A0) (%) T (°C)
DMPC + DPH 2.41 0.69 24 0.369 8.21 0.045 0.60 0.31 1.7 35
POPC + DPH 1.75 1.06 30 0.249 7.45 0.033 0.52 0.30 3.7 21
DOPC + DPH 0.95 0.96 29 0.220 6.68 0.033 0.29 0.18 13 21
DLPC + DPH 1.58 0.90 41 0.171 6.90 0.025 0.45 0.25 5.3 21
DGDG + DPH 1.5 0.75 34 0.040 0.43 0.21 6 21
DMPC + chol + DPH ~10 0.87 35
POPC + chol + DPH 2.93 1.22 14 0.301 7.09 0.042 0.74 0.47 0.5 21
DOPC + chol + DPH 1.83 0.96 21 0.230 7.11 0.032 0.52 0.29 3.5 21
DLPC + chol + DPH 1.70 1.06 15 0.286 6.86 0.042 0.51 0.29 4.0 21
DGDG + chol + DPH 1.89 0.65 24 0.170 0.50 0.24 4.0 21
DMPC + TMA 3.22 0.07 12 0.191 5.80 0.034 0.64 0.29 0.7 35
POPC + TMA 2.96 0.53 18 0.057 4.55 0.012 0.66 0.35 0.8 21
DOPC + TMA 2.41 0.18 19 0.082 2.96 0.028 0.54 0.21 24 21
DLPC + TMA 2.18 0.73 20 0.076 3.51 0.022 0.57 0.29 24 21
DGDG + TMA 2.27 0.12 17 0.041 2.60 0.016 0.51 0.18 3.0 21
DMPC + chol + TMA 15 5.80 0.93 35
POPC + chol + TMA 3.58 0.89 13 0.126 5.38 0.024 0.76 0.48 0.3 21
DOPC + chol + TMA 2.82 0.64 15 0.101 4.22 0.024 0.66 0.35 1.0 21
DLPC + chol + TMA 2.56 0.76 14 0.128 3.01 0.042 0.64 0.35 1.3 21
DGDG + chol + TMA 2.69 0.40 17 0.059 2.89 0.021 0.61 0.29 1.4 21
POPC + stigmast + DPH 2.97 0.29 18 0.235 0.71 0.42 0.6 21
DGDG + stigmast + DPH 1.58 0.46 32 0.110 0.40 0.16 7.0 21

?The analysis yields the following parameters: X, and Ay, coefficients in the equation for the anisotropic orienting potential U(8) described under
Theory; (P,) and (P,), second and fourth rank order parameters described under Theory; D, diffusion coefficients of the symmetry axis of the
fluorescent probe molecule; 8,, angle 8 between the absorption and emission moments of the fluorescent probes. The distribution functions f{8)
reconstructed from the calculated values of (P,) and (P,) allow determination of the fraction of probe molecules at 0° and 90°, respectively, with
respect to the membrane plane. From these values the fraction f{90)/f(0) can easily be calculated. ®The given {rg) values are the average values

from different experiments.
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FIGURE 6: Orientational distribution functions of Figure 5 enlarged
10 times.
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FIGURE 7: Orientational distribution functions of TMA-DPH mol-
ecules in multibilayers of POPC (a), DOPC (b), and DLPC (c).

effect in DGDG bilayers, Table II and Figures 5 and 6.
The orientational distribution functions for TMA-DPH
molecules in POPC, DOPC, and DLPC bilayers are shown
in Figure 7 and 8, respectively. In contrast with the distri-
butions of the DPH molecules, the distribution functions for
the TMA-DPH molecules decrease monotonically from a
maximum at § = 0° to 8 = 90°. We note further that only

FIGURE 8: Orientational distribution functions of Figure 7 enlarged
10 times.
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FIGURE 9: Orientational distribution functions of TMA-DPH mol-
ecules in multibilayers of POPC + cholesterol (a), DOPC + cholesterol
(b), and DLPC + cholesterol (c).

a small fraction of TMA-DPH in fact lies with their axes
parallel to the bilayer surface. There is thus no evidence for
heterogeneity in the distribution of these molecules in the
bilayers. The influence of cholesterol is illustrated in Figures
9 and 10, and again an increase in the orientational order is
obtained.
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FIGURE 10: Orientational distribution functions of Figure 9 enlarged
10 times.

It is important to realize here that the results presented here
are not sensitive to the transverse location of the probe mol-
ecules in the bilayer structure.

Reorientational Dynamics. The results in Table II show
unambiguously that the values of D, the diffusion coefficient
of the long molecular axis of the probe molecules, are con-
siderably lower for the unsaturated bilayer systems at 21 °C
{well above their phase transition temperatures) than for
DMPC at 35 °C (T, = 23 °C). This is particularly noticeable
for the TMA-DPH molecules. Furthermore, we note that the
DPH molecules reorientate faster than the TMA-DPH probes
in the same system. Our results indicate further that the
introduction of the first cis double bond has the greatest effect
on the reorientation dynamics of the probe molecules.

A second, somewhat surprising result is that the addition
of cholesterol into the bilayers causes the rates of reorienta-
tional motion of the probe molecules to increase significantly.
The only exception is DOPC bilayers, where cholesterol ap-
pears to have only a small effect on the molecular dynamics.

DiscussioN

In the experiments presented below, DPH and TMA-DPH
molecules were used to probe the molecular order and dy-
namics of bilayers of unsaturated lipids. The fluorescence
depolarization techniques used monitor only the orientational
order and reorientational dynamics independent of the tran-
sverse location of the probes in the bilayer structure. Nev-
ertheless, the results are strongly indicative of a heterogeneous
orientational distribution of DPH molecules in the pure lipid
bilayers, which may be associated with a heterogeneity in the
transverse disposition of the molecules. The orientational
distribution functions are most easily rationalized in terms of
a population of DPH molecules lying between the two lipid
monolayers, with a second population interdigitated between
the hydrocarbon chains. Such a picture is entirely consistent
with earlier suggestions by Andrich and Vanderkooi (1976)
and Lentz et al. (1976) that DPH molecules are preferentially
located near the center of the bilayer. A similar conclusion
was reached by Davenport et al. (1985) from measurements
of energy transfer in vesicles of the unsaturated lipid egg PC.
Our results show that the tendency of the DPH molecules to
lie parallel to the bilayer surface increases with increasing
unsaturation of the hydrocarbon chains and is counteracted
by the addition of cholesterol. We note here that the analysis
of fluorescence depolarization experiments is based on the
assumption that the rate of motion of the molecules is inde-
pendent of the absolute orientation of the molecules in the
bilayer. Thus, the fraction of DPH molecules lying at the
center of the bilayer is assigned the same dynamic behavior
as those DPH molecules that are interdigitated between the
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hydrocarbon chains of the lipids. An analysis of the experi-
mental data provided by the AFD experiments in terms of two
populations of DPH molecules differing in their dynamic
behavior cannot be justified in view of the extra free model
parameters that enter the calculations. It is important to
realize that our experiments afford the determination of a
maximum of five independent quantities. The fact that our
analysis yields a heterogeneous orientational population for
DPH molecules is strongly suggestive that the results are not
unequivocal.

In marked contrast, TMA-DPH molecules are expected to
be anchored near the head groups of the lipids (Prendergast
et al,, 1981; Cranney et al., 1983; Donner & Stolz, 1985). The
orientational distribution functions for TMA-DPH molecules
presented below are consistent with such a hypothesis. The
small probability for the probes to lie parallel to the surface
of the bilayer is probably due to fluctuations in the lateral
packing of the lipid molecules. A second possibility, which
cannot be ruled out, is that these small effects are simply
artifacts that arise from the reconstruction of the orientational
distribution function from a limited knowledge of the order
parameters. As already noted, only (P,) and (P,) can be
determined experimentally, while the higher order parameters
are estimated by the maximum entropy method.

Notwithstanding their transverse location in the bilayers,
both probe molecules reveal the same trends in the effects of
unsaturation and cholesterol on the orientational order in the
bilayers. It is interesting that our results show that multi-
bilayers of DOPC, DLPC, and DGDG containing cholesterol
exhibit the same orientational order as multibilayers of pure
POPC. We have, however, no explanation as yet for the
anomalous behavior of the probe molecules in DOPC multi-
layers.

The orientational dynamics of the probe molecules revealed
in our experiments are at odds with previous investigations on
the effects of increasing unsaturation of the lipid chains (Seelig
& Seelig, 1977; Stubbs et al., 1980, 1981). While these au-
thors reported an increase in the reorientational rates, our
results indicate the opposite. Furthermore, our findings that
the addition of cholesterol causes an increase both in the
orientational ordering and in the rates for the reorientational
motions of the probe molecules conflict with current concepts
of membrane fluidity at first introduced by Chapman et al.
(1966). According to this concept, the introduction of unsa-
turation into the lipid hydrocarbon chains reduces the mo-
lecular ordering and increases the chain motions so that the
membranes become “more fluid”. Cholesterol, on the other
hand, reverses this effect.

The question now arises whether the model for the molecular
reorientation motion has any bearing on our results. We have,
however, previously shown (Mulders et al., 1986; Van de Ven
& Levine, 1984) that the strong collision model, where the
molecules are assumed to undergo random uncorrelated jumps,
yields results similar to those obtained from the rotational
diffusion model. In marked contrast, the results from AFD
experiments cannot be described in terms of the popular
“wobble-in-cone” model. This has been ascribed by us pre-
viously (Van de Ven & Levine, 1984) to the fact that the
model predicts negative values for the order parameter (P;)
for the range of values of (P,) observed. In order to gain more
insight into the failure of the wobble-in-cone model, it is im-
portant to bear in mind that the three time-averaged corre-
lation functions g, g, and g, are determined separately in the
AFD experiments. On the other hand, the fluorescence an-
isotropy 7 obtained from experiments on vesicle systems is given
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by the sum 7 = g5 + 2g, + 2g, in steady-state experiments or
r(t) = Gy(r) + 2G, (1) + 2G4(¢) in time-resolved experiments
(Szabo, 1984; Zannoni et al., 1983). Comparison of the
analyses using for example the rotational diffusion and the
wobble-in-cone models shows that different numerical values
can be given to the correlation functions g; or Gy(¢), but in
such a way that the fluorescence anisotropy 7 or r(t) remains
constant (Van Langen et al., 1987). Indeed, these authors
demonstrated that the time-resolved fluorescence anisotropy
of DPH and TMA-DPH in POPC vesicles, with or without
cholesterol, can be interpreted in terms of two completely
different sets of order parameters and rotational diffusion
coefficients, The two solutions were found to be statistically
equivalent. The results corresponding to the wobble-in-cone
model show that the diffusion coefficients of DPH and
TMA-DPH decrease markedly on the addition of cholesterol.
On the other hand, the second solution which corresponds
closely to the AFD results reported above indicates that a
significant increase in the diffusion coefficients is induced by
the presence of cholesterol.

Time-resolved fluorescence anisotropy studies of DPH
molecules in vesicles of unsaturated lipids have been reported
by Stubbs et al. (1980, 1981). These authors used the wob-
ble-in-cone model in the analysis of the experiments together
with the simplified assumption that the time-dependence of
the anisotropy can be treated as an effective monoexponential
decay. The discrepancies between their results and the ones
presented here may well be due in large measure to the de-
ficiencies of the wobble-in-cone model analysis. Indeed, similar
experiments carried out in our laboratory (Van Langen et al.,
1987) and analyzed with the rotational diffusion model confirm
the general trends obtained from the AFD experiments. It
is interesting to note in this context that our AFD results are
also corroborated by ESR studies of cholestane spin-labels
incorporated into multibilayers of DMPC, POPC, and DGDG
(Koole et al., 1984; Van Ginkel et al., 1986). Nevertheless,
the discrepancies in the molecular dynamics of fluorescent
probe molecules embedded in lipid vesicles and the flat
multibilayer systems suggest that the curvature of the bilayer
planes plays an important role in determining the behavior of
the probe molecules. This is indeed not surprising in view of
the known differences in physical properties such as phase
transitions between vesicle and multilamellar samples.

The discussion above gives a clear signal that the concept
of membrane fluidity must be used with some caution. This
term can be misleading since in common use changes in fluidity
are always associated with changes in viscosity. We thus
support the earlier suggestion of Seelig and Seelig (1977) that
in considering the dynamic structure of lipid bilayers a clear
distinction must be made between molecular orientational
order and the reorientational dynamics.
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ABSTRACT: In the plasma membranes of most mammalian somatic cells, lipid is nearly completely free to
diffuse laterally in the plane of the membrane. In mammalian spermatozoa and certain other highly polarized
mammalian cells, a significant fraction of the plasma membrane lipid is not free to diffuse laterally. Using
the technique of fluorescence recovery after photobleaching, we have demonstrated that a variety of fluorescent
lipid analogues exhibit a nondiffusing fraction in the plasma membrane of the anterior region of the ram
sperm head. The possible causes of this nondiffusing fraction were investigated. The nondiffusing lipid
fraction is not the result of lipid oxidation during handling, and it is not released by extensive enzymatic
digestion of the membrane surface proteins or the “blebbing” of the membrane by hypoosmotic shock. When
lipid bilayers were prepared from protein-free lipid extracts of the plasma membranes of spermatozoa, most
of the nondiffusing fraction was retained. These results suggest that the nondiffusing lipid fraction results
from lipid factors such as lateral phase separations, which can cause such a nondiffusing fraction in model

systems.

Fluorescence recovery after photobleaching (FPR)' mea-
surements show that, in the plasma membrane of most somatic
cells, lipid is nearly completely free to diffuse laterally in the
plane of the membrane [for reviews, see Peters (1981) and
Edidin (1981)]. In contrast, the plasma membranes of
mammalian spermatozoa have large nondiffusing lipid frac-
tions (Wolf & Voglmayr, 1984; Wolf et al., 1986a,c). This
nondiffusing lipid pool develops during spermiogenesis (Wolf
et al., 1986¢) and becomes an increasingly larger portion of
total plasma membrane lipid as the sperm further differentiate
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during epididymal maturation (Wolf & Voglmayr, 1984) and
capacitation (Wolf et al., 1986a). The fraction of nondiffusing
lipid in mature sperm can exceed 50%, which is far greater
than the 10-15% observed in most somatic cell plasma mem-
branes (Axelrod, 1979). This may be related to the highly
polarized nature of the mammalian spermatozoa (Friend,
1982), since significant immobile lipid has been observed only
in other highly polarized mammalian cells, such as those of
epithelia (Weaver, 1985) and endothelia (Nakache et al.,
1985).

! Abbreviations: BSA, bovine serum albumin; Cpdil, 1,1”-dialkyi-
3,3,3’,3’-tetramethylindocarbocyanine perchlorate (VN = alkyl chain
length); D, diffusion coefficient; FPR, fluorescence recovery after pho-
tobleaching; NBD, 7-nitro-2,1,3-benzoxadiazol-4-yl; NBD-PC(6), NBD
acyl chain labeled phosphatidylcholine; NBD-PE, NBD amino labeled
phosphatidylethanolamine; PBS, phosphate-buffered saline with 1.2 mM
Ca? and 5 mM Mg**; % R, percent recovery; TES, 2-[[tris(hydroxy-
methyl)methyl]amino]ethanesulfonic acid.
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