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This article reviews the determination of orientational order parameters in non-macroscopically
oriented membranes from the data obtained with the fluorescent probe all-#rans-1,6-diphenyl-1,3,5-
hexatriene (DPH). Special attention is paid to the effect of microheterogeneity in the probe envi-
ronment on the recovered values of the order parameters. An effort is made to accommodate new
findings in the existing picture of orientational order in membranes.
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INTRODUCTION

The knowledge of physical characteristics of lipid
membranes is of great importance for understanding
their biological functions. Fluorescence of hydrophobic
probes introduced in the hydrocarbon region of mem-
brane bilayers offers a unique possibility for studying
orientational order and dynamics in membranes. Early
studies of fluorescence polarization in membranes [1-3]
assumed isotropic rotational behavior. Orientational or-
der was not taken into consideration. The Perrin equa-
tion [4] was employed to relate the value of the
steady-state fluorescence anisotropy to the microviscos-
ity of the probe environment.

When nanosecond time-resolved fluorescence ani-
sotropy data became available [5-7], marked qualitative
differences between time-resolved anisotropy #(f) in
membranes and in isotropic media were discovered. In
isotropic systems, #(f) decayed to zero, while in mem-
branes it decayed to a constant value », # 0. The non-
zero r,, value suggested that probe rotation was not free
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[6,7]. This was interpreted in terms of the wobbling-in-
cone model [7,8] and related to the ‘‘degree of orienta-
tional constraint’” [8]. It was later realized [9-11] that
the ‘‘degree of orientational constraint’ equals the
square of the second-rank order parameter (P,) com-
monly used in the theory of liquid crystals and in elec-
tron spin and nuclear magnetic resonance studies of
membranes.

In initial studies [8—11] the behavior of #(f) between
the values of #, and 7, was considered to be approxi-
mately exponential. Zannoni er al. [12,13] described a
model for rotational diffusion in the presence of an ef-
fective aligning potential which predicted the exact
shape of the function r(f). The function #(¢) was approx-
imated by a sum of exponentials [14]. The preexponen-
tial factors and depolarization rates were related to the
values of the order parameters (P, and {P,). Fits of ex-
perimental data to the sum of exponential terms allowed
the determination of the order parameter (2,) [15,16]. In
the determination of the fourth-rank order parameter the
membrane was implicitly assumed to be homogeneous:
the rotational diffusion rate was assumed to have one
value in all parts of the membrane bilayer.

The possible influence of heterogeneity in the lo-
cation of the probe was considered in early studies [5,6].
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Attempts to ‘‘associate’’ individual fluorescence inten-
sity decay times with emission anisotropy decay com-
ponents did not lead to physically realistic solutions [6].
The notion of multiple environments was also tested
with the aid of emission-anisotropy-decay-associated
spectroscopy [17]. In this case an association between
spectral distribution and anisotropy was found.

Theory predicts [12,13] that in general the time-
resolved fluorescence anisotropy of a probe in an ani-
sotropic environment will be complex. The problem is
simplified in the case of a rodlike fluorescent probe hav-
ing its absorption and emission dipoles parallel or near-
parallel to the rod axis. All-trans-1,6-diphenyl-
1,3,5-hexatriene (DPH) represents a good example of
such a probe [3,18] and has been one of the most pop-
ular membrane probes [19]. Lentz [20,21] has reviewed
the use of DPH and other fluorescent probes to monitor
molecular order and motion within liposome bilayers.

While the rotational properties of DPH are conven-
ient for fluorescence anisotropy studies, other character-
istics of this probe are quite unusual. The natural lifetime
of DPH was found to be sensitive to its environment
[22,23]. The absorption and emission spectra of this
probe have no mirror symmetry. The absorptivity and
natural lifetime do not satisfy the relation of Strickler
and Berg [24]. Several hypotheses have been proposed
to account for the unusual characteristics of DPH [25—
28]. These hypotheses are not directly related to mem-
brane studies except for the fact that the environmental
sensitivity of DPH must be taken into consideration in
these studies.

The theory of fluorescence depolarization in mem-
branes [12,13] assumed that the total fluorescence inten-
sity decay is exponential. The intensity decay of DPH
was found to be exponential in homogeneous liquid sol-
vents [23], but not in membranes [5—7]. Multiexponen-
tial fluorescence decay of DPH in membranes could
result from the heterogeneity of its environment. The
multiexponential decay has been associated with domain
structure [29-31]. However, it was found that the fluo-
rescence intensity decay of DPH in membranes that do
not form domain structure is also multiexponential [31—
34]. This was interpreted in terms of complex photo-
chemistry [33] or photophysics [34] of DPH.

An alternative explanation for the nonexponential
fluorescence decay of DPH in membranes has been pro-
posed [35,36]. This is based on the electromagnetic char-
acteristics of membranes. A lipid membrane may be
described as a thin film of one refractive index sur-
rounded by a medium of another refractive index. The
emission of electromagnetic waves in such a system was
theoretically studied by Lukosz [37]. It was shown that
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the radiative decay rate in a thin film depends on the
orientation of the emitting dipole with respect to the
membrane. The early theory of fluorescence depolari-
zation in membranes [9—-14] did not take into account
the orientational dependence of the radiative decay rate.
When the effect of this orientational dependence is taken
into account, nonexponential total fluorescence intensity
and anisotropy decays are expected [35,36]. This model
allows the determination of several interesting parame-
ters, including the refractive index inside the bilayer. It
was determined that the orientational dependence of the
radiative decay rate can account for the broad spectrum
of DPH decay times in membranes if the refractive index
in the hydrocarbon region of the bilayer exceeds the re-
fractive index of water by approximately 20% [36] or
25% [35].

The refractive index inside a bilayer was recently
measured by a more straightforward technique [38]. This
refractive index proved to be 1.425, which is only 7%
greater than the refractive index of water. With the lower
value of the refractive index the orientational depend-
ence of the radiative decay rate cannot account for the
broad spectrum of DPH decay times in membranes. This
implies that the orientational dependence of the radiative
decay rate may not be the only process that contributes
to the complex decay of DPH in membranes. The life-
time of DPH depends on the solvent environment [23].
The heterogeneity of the bilayer interior may well con-
tribute to the width of DPH lifetime spectrum. Gratton
and Parasassi [39] suggested that the concentration of
water in the hydrocarbon region of the bilayer can play
the role of the factor that modulates the lifetime of DPH.

The theory developed by Lukosz [37] and applied
to membranes by Toptygin and Brand [38] predicts the
dependence of the radiative decay rate on the refractive
index of the medium surrounding the membrane. The
variation in the radiative decay rate of DPH in liposomes
with changes in the external refractive index was used
to recover the order parameter (P,). The value obtained
differs from that derived from emission anisotropy data
for reasons that are not yet clear.

In the present paper we review the concept of or-
ientational order parameters in membranes and discuss
the possible effects of microheterogeneity in probe en-
vironment on the recovered values for the order para-
meters.

REVIEW OF BASIC CONCEPTS
Definition of Orientational Order Parameters

The orientation of a rodlike fluorescent probe hav-
ing absorption and emission dipoles parallel to the rod
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Fig. 1. Description of the orientation of a rodlike probe by the
spherical angles 6 and &.

axis can be completely described by the spherical angles
8 and ¢ shown in Fig. 1. Here 0 is the angle between
the Z axis and the rod axis, whereas ¢ is the angle be-
tween the X axis and the projection of the rod axis on
the XY plane. The orientational distribution of the probe
is characterized by the function f{8,J), which represents
the density of probability of finding the probe molecule
at a certain orientation.

Although the detailed form of the orientational dis-
tribution function cannot be determined from experi-
mental data, some characteristics of this function can be
recovered. Experimentally measurable quantities repre-
sent averages over all orientations of the probe. If a
quantity 4 depends on the orientation of the probe, then
the mean value of this quantity is given by the equation

7 2w

A = f f A(0,b) f(8,d) sin 6 dO dd (D

Here we have assumed that the orientational distri-
bution function is normalized by the relation

T 2w

f f f(0,)sin0do db = 1 )

Orientational dependences of most physical quantities,
such as the probabilities of fluorescence excitation or
emission, can be expressed in terms of the Legendre
polynomials P,(cos 0), where L = 0,1,2,.... This ena-
bles one to measure the mean values, (P,(cos 6)). These
mean values are called the orientational order parame-
ters.

Knowledge of the order parameters is sometimes
sufficient to reconstruct the orientational distribution
function. What is even more important, the outcome of
most experiments can be predicted on the basis of the
values of a few order parameters, without knowing the
detailed form of the orientational distribution function.

If the probe molecule has a center of symmetry,
then none of the measurable physical quantities will de-
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pend on the Legendre polynomials of the odd powers L.
Most of the quantities can be expressed in terms of the
first few even-power polynomials. Here we will consider
the first three: Py(cos 8) = 1, Py(cos 8) = (3 cos?0 —
1)/2, P,(cos 6) = (35 cos*® — 30 cos®> 6 + 3)/8. The
mean values of the physical quantities can be expressed
in terms of the corresponding order parameters. The or-
der parameter {(P,(cos 6)) always equals unity, and there-
fore it does not need to be measured. The values of the
order parameters (P,(cos 9)) and (P, (cos 0)) equal zero
when the orientational distribution is isotropic. In an an-
isotropic environment, such as a lipid membrane, the
values of these parameters can be determined experi~
mentally using different fluorescence techniques.

Orientation of the Director

It is clear that the form of the orientational distri-
bution function f{0,¢) and the values of the order para-
meters (P,(cos 60)) depend on the choice of the XYZ
frame. In macroscopically unoriented suspensions of
lipid membranes the orientation of molecules with re-
spect to the laboratory frame will appear random even
though the orientation of the molecules with respect to
the membrane is not random. We are interested in stud-
ying the orientation of molecules with respect to the
membrane; therefore a separate XYZ frame should be
associated with every membrane fragment. It is tradi-
tional to take the direction normal to the surface of the
membrane bilayer for the Z axis [8,9]. The membrane
appears to be symmetrical with respect to the rotations
around this axis; therefore it is likely that the orienta-
tional distribution of the probe also will be symmetrical
with respect to this axis. On the other hand, it is some-
times assumed that the lipid acyl chains are tilted at a
certain angle [40—42]. In this case it is more reasonable
to expect that the orientational distribution will be sym-
metrical with respect to some tilted axis Z'. It is also
possible that the orientational distribution has no sym-
metry axis at all.

From the fluorescence data obtained with macro-
scopically unoriented suspensions of lipid membranes
one cannot determine whether the orientational distri-
bution has a symmetry axis nor the orientation of this
axis with respect to the membrane bilayer. As a com-
promise we can assume that the orientational distribution
of the fluorescent probe is approximately symmetrical
with respect to some axis Z', which will be referred to
as the director. The director may coincide or not coin-
cide with the axis Z, which represents the normal to the
membrane surface. The spherical angles measured in the
XYZ frame will be designated 6', ¢', whereas the spher-
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Fig. 2. Examples of hypothetical orientational distributions of a rodlike
probe in a membrane. The Z axis is normal to the membrane surface.
The length of the radius vector drawn from the origin to a point on
the three-dimensional surface represents the density of probability of
finding the probe at the orientation parallel to the radius vector. The
values of the order parameters are (a) (Py(cos B)) = (P,(cos 8")) =
0.9, (P,(cos 8") = 0.7; (b) (Pycos 6)) = 0.3, (Py(cos 6")) = 0.9,
(P (cos 8Y) = 0.7; (c) {Py(cos B)) = (Py{cos 8")) = 0.3, {P,(cos ")
= 0,06; (d) {P,(cos 0)) = (Py(cos 0") = 0.3, (Py(cos 0") = ~0.1.

ical angles in the XYZ frame will be designated 0, ¢.
The existence of two frames assumes two orientational
distribution functions f(8', ¢') and {8, ¢) and two sets
of orientational order parameters (P,(cos ")) and (P,(cos
0)).

The orientational distribution in the X'Y'Z' frame is
symmetrical with respect to the axis Z'; therefore the
function f'(0', ¢") does not depend on the angle ¢'. The
shape of this function can be reconstructed from the val-
ues of the order parameters using the properties of Le-
gendre polynomials:

£ = 2 T (P (cos 0) Peos ) (3)
L=0 417

In the hypothetical situation where the director is
not normal to the membrane surface, the orientational
distribution function is not symmetrical with respect to
the rotations around the Z axis and it cannot be recon-
structed from the values of the order parameters (P,(cos
0)). Rigorously speaking, the mean values (P (cos
)} should not be called order parameters in this situ-
ation. For a complete description of the orientational or-
der in a system with a tilted symmetry axis or without
this axis, one needs to employ the Wigner rotation ma-
trices D%, (b, 0, ¥) [13] instead of the Legendre poly-
nomials. This approach results in a greater number of
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unknown order parameters (D, (b, 9, §5)), which cannot
be uniquely determined from the experimental data ob-
tained with macroscopically unoriented suspensions of
lipid membranes.

Fluorescence techniques capable of measuring the
order parameters (P, (cos 8")) and {(P,(cos 8)) will be dis-
cussed later, and here we will give a few examples of
orientational distributions corresponding to different val-
ues of these order parameters. Figure 2 shows orienta-
tional distributions for a rodlike molecule such as DPH
for a number of different situations.

The orientational distributions shown in Figs. 2a
and 2b have identical values of the order parameter
(P,(cos 8") = 0.9. These orientational distributions are
indistinguishable by an experimental technique sensitive
only to the order parameters (P,(cos 6")), but they can
be distinguished by a technique sensitive to the order
parameters (P,(cos 8)).

The distributions shown in Figs. 2b and 2c¢ have
identical values of the order parameter {P,(cos 0)) = 0.3.
These orientational distributions are indistinguishable by
an experimental technique sensitive only to the order
parameter {P,(cos 9)).

Some experimental techniques allow the determi-
pation of the fourth-rank order parameter (P (cos 6")).
The value of this parameter has a great effect on the
shape of the orientational distribution. The orientational
distributions shown in Figs. 2a—2c have positive values
of the order parameter {P(cos ")), which correspond to
the model of Maier and Saupe (see Zannoni et al. [13]),
also known as the Gaussian model [14]. Figure 2d rep-
resents the orientational distribution with a negative
value of (P,(cos 0"). Negative values of this order pa-
rameter have been reported by Wang et al. [16].

In both Figs. 2b and 2d tilted orientations of the
fluorescent probe are more frequent than the normal one;
however, there is a significant difference between the
two cases. In the case shown in Fig. 2b the orientation
of the director is tilted. In the case shown in Fig. 2d the
orientation of the director is normal to the membrane
surface. We may assume that the orientation of the di-
rector in a lipid membrane reflects the direction of the
acyl chains. If this assumption is correct, then the orien-
tational distribution shown in Fig. 2d represents the sit-
uation where the orientation of the acyl chains is normal
to the membrane surface, but the axis of the rodlike
probe makes the angle about 35° with the acyl chains.
In contrast, in Fig. 2b the acyl chains are tilted, and the
probe is aligned near-parallel to the acyl chains.

The examples shown in Fig. 2 illustrate the impor-
tance of applying alternative experimental techniques to
the same sample. The technique capable of measuring
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either the parameters (P,(cos 6") or (P (cos 0)) would
not be capable of distinguishing between the case of the
normal director and that of the tilted director.

THE SECOND-RANK ORDER PARAMETER (P,)

Order Parameter (P,) from the Limiting Anisotropy

Fluorescence emission anisotropy r is defined as the
ratio (/, — 1) / (I} + 2I,), where I, and [, are the inten-
sities of the polarization components parallel and per-
pendicular to the polarization of the excitation radiation,
respectively. The behavior of the time-resolved fluores-
cence anisotropy #(f) contains valuable information
about orientational order and dynamics.

The limiting anisotropy r,, is defined as the limit of
the time-resolved anisotropy #(f) at ¢ — . It has been
shown both theoretically and experimentally that in iso-
tropic media, #, equals zero. The results obtained with
the fluorescent probe DPH in phospholipid vesicles
clearly demonstrated that the time-resolved anisotropy
does not decay to zero [5-7]. The suspensions of phos-
pholipid vesicles are isotropic on the macroscopic level;
however, on the microscopic level the orientational
distribution of the fluorescent probe is not isotropic. If
we assume that the local orientational distribution has a
symmetry axis, i.e., the local director Z, and that the
angle 8' is measured with respect to this local director,
then the following relation will hold:

Foo = 1y (P(cos 8"))? 4

In Eq. (4), r, is the value of #(¥) at ¢t = 0. For a
fluorescent probe having parallel absorption and emis-
sion dipoles 7, = 0.4. Equation (4) has been derived by
several authors [8—13]. It is of interest to review the
main assumptions implicit in Eq. (4). The first is that
the local orientational distribution is symmetrical with
respect to the local director from which the angle 0' is
measured. The second is that the local directors are ran-
domly oriented on the macroscopic level. The orienta-
tion of the local director with respect to the membrane
normal is not critical. Equation (4) holds true whether
the director is normal to the surface or tilted; it holds
true even in the case where the orientation of the local
director is individual for every probe molecule. This is
true since the fluorescence anisotropy monitors the reo-
rientation of the probe molecule rather than the absolute
orientation of this molecule with respect to the mem-
brane bilayer. Consequently, anisotropy decay depends
on the order parameters (P,(cos ") rather than (P,(cos
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0)). Equation (4) can be used to recover the order pa-
rameter (P,(cos 0")).

An important question associated with the use of
Eq. (4) concerns the possibility of determining r,, from
experimental data. The decay of #(f) between 7, and r.,
may contain one or several exponentials, depending on
the mechanism of orientational dynamics. For DPH, in
a homogeneous liquid-crystalline membrane all of the
anisotropy decay components are probably faster than
the fluorescence intensity decay; therefore, by the time
fluorescence intensity becomes too low to be measured,
the time-resolved anisotropy approximates the value of
7. In heterogeneous or gel-phase membranes some of
the anisotropy decay components can be slower than the
intensity decay. In this case the value of the limiting
anisotropy determined from the anisotropy decay data is
not the 7, involved in Eq. (4).

The problem in measuring #., can be illustrated with
the case of a solution of DPH in pure glycerol. Since
this is an isotropic solution, we know « priori that r,, =
0. On the other hand, in the time-resolved anisotropy
data obtained with this sample one will not be able to
see r(f) approaching zero. This occurs because the ro-
tational diffusion in glycerol is much slower than the
intensity decay. Phospholipid molecules are bulkier than
the glycerol molecules. It is possible that in a gel-phase
phospholipid membrane some of the rotational diffusion
components are slower than in glycerol. In this case the
order parameters calculated from Eq. (4) for mixed- and
gel-phase membranes may be exaggerated significantly.

As an example, consider a hypothetical heteroge-
neous membrane having two kinds of environments, the
first one being glycerol-like and containing 80% of DPH
molecules, and the second one being liquid in character
and containing 20% of DPH. If the value of the actual
order parameter (P,(cos 8") equals 0.3 in every environ-
ment, then the apparent value of »,, equals 0.4 X (0.8 +
0.2 X 0.3%) = 0.33, and the value of (P,(cos 0')) recov-
ered from Eq. (4) equals 0.9.

Correcting (P,) Obtained from the Limiting
Anisotropy for the Refraction of Light at the
Lipid-Water Interface

In membranes which are free from the gel phase
the order parameter (P,(cos ") can be reliably deter-
mined from the value of the limiting anisotropy. Equa-
tion (4), which links the values of #, and (P,(cos 6')),
has been derived under the assumption that the fluores-
cent probe interacts with the macroscopic electromag-
netic field of the light wave. The local electromagnetic
field of the light wave inside the membrane differs from
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the macroscopic field in both magnitude and direction
of the electric vector. The influence of this difference on
the fluorescence depolarization was considered in Refs.
35 and 36 under the explicit assumption that the orien-
tation of the director is normal to the membrane surface.
The results obtained in that work are not valid for the
hypothetical situation where the axes Z' and Z do not
coincide. If the director is normal to the membrane sur-
face, then €' = 6, which makes it possible to use the
short form (P,) instead of both {P,(cos 8")) and (P,(cos
0)).

Because of the difference between the local elec-
tromagnetic field and the macroscopic field, the decays
of the fluorescence total intensity and anisotropy are not
independent. The initial orientational distribution of the
excited probe may not relax to the stationary orienta-
tional distribution function because the probe molecules
oriented normal to the membrane surface lose excitation
slower than those deviating from the normal orientation.
However, if the rotational relaxation is much faster than
the intensity decay, then the orientational distribution of
the excited probe at long times after the excitation will
closely approximate the stationary distribution. In this
case one can derive a simple relation between the values
of »,, and (P,). This relation can be found in Eq. (24) in
Ref. 35. For simplicity we can replace the ratio of the
constants a?/b> used in Ref. 35 with (n,/n,)*, where n,
and n, are the refractive indices of water and the bilayer
interior, respectively. After this substitution the equation
becomes

o [-nt/md+ 1+ (nd/nd+ 2 P) P
= U 2ndna+1=2(ntni— (P,

)

Equation (5) is valid only if the director is normal
to the membrane surface, absorption and emission di-
poles are parallel to the axis of a rodlike fluorescent
probe, and the rotation is much faster than the intensity
decay. When the refractive index of the bilayer interior
coincides with that of water and r, = 0.4, Eq. (5) re-
duces to Eq. (4).

The refractive index of the bilayer interior is only
slightly greater than that of water. In Ref. 38 the value
of n, = 1.425 was obtained for DPPC at 20°C, whereas
n, = 1.333. This results in (n,/ny)* ~ 1.3. Using the
latter ratio, we can recover the value of (P,) for a typical
value of r,. The value of r,, for DPH in DPPC at 55°C
is close to 0.036 [36]. Substituting this value in Eq. (4)
would yield (P,) = +0.3 and {P,) = —0.3. The negative
value of (P,) is usually disregarded because it makes no
sense. Equation (5) also yields two solutions: (P,) =
+0.397 and (P,) = —0.25. Again, the negative value
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can be disregarded, and the positive value is only
slightly different than that obtained from Eq. (4).

The above example shows that the refraction of
light at the lipid—water interface results in a small cor-
rection to the value of the order parameter (P,) obtained
from Eq. (4).

Determination of the Order Parameter (P,) from
the Effect of Refractive Index Changes

The fluorescence lifetime is the inverse of the sum
of the radiative and nonradiative decay rates,

B 1
T kk,

(6)

The radiative and nonradiative rates can be calculated as
k k, = (1-m)i7 9

, =M/,

where 1 is the quantum yield. The radiative rate depends
on the intrinsic properties of the fluorescent probe and
on the optical characteristics of the probe envirominent.
The most fundamental optical characteristic of a homo-
geneous medium is its refractive index. In a heteroge-
neous environment one needs to take into account the
spatial variations in the refractive index. Local variations
in the refractive index may have a significant effect on
the radiative decay rate only if they occur at a distance
of less than the light wavelength from the fluorescent
probe.

The peak wavelength of DPH fluorescence is about
425 nm, whereas the thickness of the membrane bilayer
is about 5—7 nm. The refractive index of the membrane
interior is different than that of water. The local varia-
tions of the refractive index take place at a distance
much less than the light wavelength, therefore they
should affect the radiative decay rate.

In general, the radiative rate will depend not only
on the refractive indexes inside and outside the mem-
brane, but also on the shape of the membrane and on
the position and orientation of the fluorescent probe with
respect to the membrane. Phospholipid membranes may
assume different shapes. The radiative rate can be easily
predicted for DPH in large unilamellar vesicles (LUVs).
The diameter of an LUV is large compared to the thick-
ness of its walls, therefore the membrane bilayer that
forms the LUV can be treated as an isolated flat film of
one refractive index immersed in a medium of another
refractive index.

Lukosz considered the radiation of a classical di-
pole located inside an optically thin film [37]. He
showed that the radiative rate for the dipole oriented
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normal to the surface of the film is proportional to the
fifth power of the external refractive index, whereas the
decay rate for the dipole oriented parallel to the surface
is proportional to the first power of the external refrac-
tive index. The same result was derived from quantum
mechanical principles [38]. The radiative rate was also
predicted for any intermediate orientation of the emis-
sion dipole. This is given by

40?

k ==
Y 7e

4
FARP no(sin’d + Lcos0)  (8)
7y

where o is the circular frequency of fluorescence light,
f. is Planck’s constant, ¢ is the speed of light in vacuum,
f 1s the factor that accounts for the difference between
the local electric field experienced by the probe and the
macroscopic field inside the membrane, w is the matrix
element of the electric dipole operator (emission dipole),
n, and n, are the refractive indexes of the layer and the
surrounding medium, respectively, and 6 is the angle
between the emission dipole and the normal to the sur-
face of the membrane bilayer.

The radiative rate from Eq. (8) is different for dif-
ferent orientations of the probe molecule. If the probe
can assume different orientations, then the total fluores-
cence intensity decay will be nonexponential. The ratio
of the longest and the shortest lifetimes does not exceed
(n,/ny)*. The difference between the refractive indexes of
lipid and water is less than 10%; therefore the ratio of
the longest and the shortest lifetimes will be less than
1.5. When the lifetimes are so close, their values cannot
be measured separately, but the mean lifetime can be
still measured with great accuracy. The mean lifetime is
defined as

w©

5= f H06) dt / f 1) di = g’a"ﬁ )
0 QLT

0

where I(f) is the d-excitation total fluorescence intensity
decay, and o, and 7, are the preexponential factors and
lifetimes, respectively, for individual exponentials recov-
ered in the analysis of decay data. It has been shown
[38] that the behavior of this mean lifetime with change
in refractive index can be approximated by

=k, +y(1—(P,(cost)))n,

Al

Syt (Bacost)y+ms (10)

where v is the combination of several constants from
Eq. (8), and the error of the approximation is less than
0.3% for a high-quantum-yield probe like DPH.
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The value of the order parameter {(P,(cos 0)) can be
determined from the lifetime variation with the refractive
index. Equation (10) can be linearized in the following
way:

y=Ax + B
X = ng (11)
y:(l/?—knr)/no

Coefficients 4 and B can be determined from a lin-
ear plot and/or by linear regression. The order parameter
can be calculated according to

1
An ‘1‘ - 5 B
(P, (cosf) ) = ‘m (12)
A technique for measuring the value of #, that needs to
be substituted in Eq. (12) is described in {38].

In the analysis of the lifetime dependence on the
refractive index it was assumed that the values of the
parameters v, 7,, k., and (P,(cos 0)) do not change when
the refractive index of the medium surrounding the bi-
layers is varied. As the values of these parameters de-
pend on the physical characteristics of the bilayer
interior, they should not directly depend on the chemical
composition of the surrounding medium unless the
changes in this medium affect the bilayer.

In Ref. 38 the refractive index r, was varied by the
addition of either glycerol or sucrose to the aqueous so-
lutions used in the preparation of the large unilamellar
vesicles. The data obtained with both additives fall on
the same line in the linearized coordinates given by Eg.
(11). This suggests that glycerol and sucrose influence
the fluorescence by the refractive index effect rather than
by an indirect effect on the structure of the bilayer. It is
also possible that both glycerol and sucrose influence the
structure of the bilayer and the experimental points ob-
tained with these additives fall on the same line by co-
incidence. This could lead to an error in the
determination of the order parameter.

Comparison of (P,) Values Obtained by Different
Techniques

The experiments involving the variation of the re-
fractive index of the solution used in the preparation of
large unilamellar vesicles yielded (P,(cos 8)) = 0.285
for DPH in DPPC at 20°C [38]. The apparent value of
7., obtained for the same sample at the same conditions
equals 0.33. If r, = 0.4, then from Eq. (4) one can obtain
(Py(cos 6")) = 0.91. A lower value for », would result
in an even higher value for (P,(cos 8")). Here we face
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the situation where the value of (P,(cos 0)) obtained by
one technique and the value of (P,(cos 8") obtained by
the other technique are far away from each other. There
are at least two possible explanations of this result.

The first possibility is that the director axis Z' is
tilted with respect to the bilayer normal as shown in Fig.
2b. The angle 6" between the axes Z' and Z can be
calculated:

1/2
6" = arccos {[ LPycost)) + l ] } (13)
3(P,(cos0")) 3

Estimation of 6" based on Eq. (13) gives a value
0" = 43° The director of the orientational distribution
shown in Fig. 2b is tilted by this angle and the values
of the order parameters (P,(cos 6)) and (P,(cos 6") for
the orientational distribution are close to those deter-
mined by variation of the refractive index and by fluo-
rescence depolarization. Fluorescence depolarization
measurements on unoriented vesicles cannot tell the dif-
ference between the orientational distributions shown in
Figs. 2a and 2b. Results obtained by variation of the
refractive index cannot tell the difference between the
orientational distributions shown in Figs. 2b and 2c.
Combining the data obtained by both techniques brought
us to the conclusion that the director is possibly tilted.

It is likely that the orientation of the director co-
incides with the orientation of the acyl chains. Tilted
orientations of the acyl chains are commonly observed
in X-ray diffraction experiments [40-42]. This supports
the hypothesis that the director axis Z' is tilted.

An appropriate experiment on macroscopically ori-
ented membrane bilayers would be able to detect
whether the director is normal or tilted with respect to
the membrane surface. If the director is tilted, then ro-
tating the sample around the membrane normal Z will
result in varying absorption of polarized light traveling
along the Z axis. The experiments on oriented mem-
branes reported in the literature [43] were designed and
interpreted with an a priori assumption that the orien-
tation of the director is normal to the membrane surface.
On the basis of the results obtained in these experiments
one cannot decide whether the orientation of the director
is normal to the membrane surface.

The second possible explanation for the discrep-
ancy between the value of (P,(cos 6)) obtained in the
experiments with variable refractive index and the value
of (P,(cos 0") obtained from dynamic depolarization
data is that the apparent value of r. measured for the
membrane in its gel phase may differ from the true limit
of the function 7(¢) at ¢ — . From the DPH fluorescence
depolarization experiment one can obtain the value of
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this function only during the first 3040 ns. The probe
molecules in the gel-phase regions of the membrane may
have some rotational correlation times in the range of
microseconds or milliseconds. With the 10-ns lifetime of
DPH fluorescence one cannot detect the slow compo-
nents in the function r(r). Using long-lifetime probes
may give valuable additional information; however,
every probe reports its own orientational order, and
therefore the data obtained with different probes are not
fully comparable.

Additional experimental studies with DPH in lipo-
somes will be required to explain the difference in the
value of the order parameter obtained by the different
experimental techniques.

THE FOURTH-RANK ORDER PARAMETER (P,
AND HETEROGENEITY IN THE ROTATIONAL
DIFFUSION RATE D,

Order Parameter (P,) from Time-Resolved
Emission Anisotropy

The shape of the function r(¥) is not involved in the
determination of {(P,(cos 8"). Only the limit of () as ¢
— o is important. Thus no assumption regarding the
orientational dynamics in the membrane bilayer is in-
volved in the determination of {(P,(cos 6')) and the results
are not influenced by differing diffusion rates in different
parts of the membrane.

The orientational dynamics is involved in the de-
termination of (P,(cos 6") and if the rotational diffusion
rate D, is the same in all parts of the bilayer, this order
parameter can be determined from the shape of r(z).

The equations describing the shape of the function
r(¢) are given by Zannoni et al. [13]. This involves in-
tegrating the products of the Wigner rotation matrices
and the Green functions obtained for the Smoluchowski
rotational diffusion equation. Van der Meer et al. [14]
approximated the solution of the model equations as a
sum of three exponentials plus a constant. The approx-
imate solution was employed as the model function that
was fit to experimental data [15,16]. The rotational dif-
fusion rate D, and the order parameters (P,(cos 6")) and
{P,(cos ") served as fitting parameters. This allowed
evaluation of the order parameter (P, (cos 8") in uno-
riented vesicles.

The approach to the analysis of the time-resolved
anisotropy data introduced in Ref. 14 is often called
model independent in the sense that the values of the
order parameters (P,) and (P,) are determined without
assuming a specific relation between them, such as the
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Table 1.

Minimum No. 1 Minimum No. 2

D.,/D., (P2 (P X Py Py X
1.00 0.400 0.104 1.00 0400 0.104 1.00
1.05 0.400 0.095 1.00 0400 0.111 1.00
1.10 0.400 0.087 1.00 0400 0.120 1.00
1.20 0.400 0.071 1.00 0400 0.135 1.00
1.40 0.400 0.044 100 0400 0.161 1.00
1.80 0.400 —0.003 1.00 0399 0204 1.00
2.20 0.401 —0.042 101 0399 0.239 1.01
2.60 0.402 —0.071 1.06 0399  0.268 1.01
3.00 0.404  —0.097 1.17  0.398  0.293 1.01
3.40 0.405 —0.114 137 0398 0316 1.01
3.80 0406 —-0.136 1.66 0399 0.336 1.01
4.20 0.407 —0.143 2,06 0399  0.355 1.0%
4.60 0.409  -0.159 255 0400 0372 1.01

5.00 0.411 —0.161 3.15 0400 0.388 1.02

5.40 0.413 —0.155 377 0401 0403 1.05
5.80 0414  —-0.154 450 0403 0417 1.09
6.20 0416  —0.157 525 0404 0430 115

relations imposed by the wobbling-in-cone model [8] or
Maier and Saupe model. The approach critically depends
only on the assumption that the rotational diffusion rate
D, has the same value in all parts of the membrane bi-
layer. The value of the order parameter (P,) is deter-
mined from the nonexponential behavior of #(¢) between
v, and ... Heterogeneity in the rotational diffusion rate
would result in nonexponential anisotropy decay even in
an isotropic medium. Clearly, heterogeneity in the dif-
fusion rate will influence the recovered values of the
order parameter (P,).

The influence of heterogeneity on the recovered
values of the order parameter {P,) was not studied in
Refs. 14-16. We performed a computer simulation to
study this effect. In this simulation we assumed that
there are two populations of DPH, each contributing
one-half of the total fluorescence intensity. The two pop-
ulations differed only in the value of the rotational
diffusion rate. The ratio of the two rates D, ,/D,, varied
from 1.0 to 6.2, while the geometric mean of the two
rates was kept at the constant value of 8.33 X 107 s,
which would result in an anisotropy decay time of 2 ns
in an isotropic medium. The fluorescence lifetime was
10 ns for both populations. The order parameters (P,) =
0.400 and (P,) = 0.104 were identical for both popu-
lations. The chosen values of the order parameters sat-
isfy the relation imposed by the Maier and Saupe model.
In the simulation we used the model equations from Ref.
14, specifically, Eq. (14) and the expressions given in
Table 1 of that reference. The decay curves for the ver-
tical and horizontal fluorescence components were con-
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volved with the lamp profile of a Gaussian shape having
0.09-ns width at half-maximum and recorded in 2048
channels of a hypothetical multichannel analyzer having
a timing calibration of 0.015 ns per channel. True-Pois-
son photon counting noise was added. The peak number
of counts was about 10° for the vertical polarization
component. The hypothetical experimental setup closely
imitates state-of-the-art photon counting equipment em-
ploying picosecond lasers and microchannel plate pho-
tomultipliers.

In the analysis of the simulated data we used the
model equations given in Ref. 14. In contrast to the sim-
ulation procedure, we assumed only one population,
having a unique rotational diffusion rate D,. This rate
and the order parameters (P,) and (P,) served as the
fitting parameters. The values of », = 0.4 and 7 = 10
ns were fixed in the analysis. The data analysis program
adjusted the values of the three fitting parameters in or-
der to minimize the value of x2 Here x? represents a
sum of weighted squared deviations between simulated
data and the model used in the analysis. The value of x2
is a function of D, (P,), and {P,); this function can be
pictured as a surface in a four-dimensional space with
coordinate axes D,, (P,), (P,), and 2. It was found that
the x? surface has one or two local minima in the (P,)
> 0 subspace and at least one local minimum in the (P,
< 0 subspace. Negative (P,) values are physically mean-
ingless; we do not report the solutions obtained with (P,)
< 0. The values of the fitting parameters and ¥? corre-
sponding to the two minima found in the (P,) > 0 sub-
space are presented in Table I. We are testing the
recovery of the order parameters only; therefore the val-
ues of D, are not included in Table 1.

The recovered values of (P,) and x? slightly fluc-
tuated from one data set to another. To reduce these
fluctuations the results were averaged over 1000 reali-
zations of the random noise. In other words, the simu-
lation and the analysis was repeated 1000 times for every
ratio D /D ,. The results presented in Table I are av-
eraged. This helps to separate systematic trends from the
random noise.

Each line in Table I reports the analysis of the data
simulated for a certain value of the ratio D,,/D ,, which
reflects the magnitude of heterogeneity in the hypothet-
ical membrane. The ¥? surface had two minima in the
(P,) > 0 subspace; both of them are presented in Table
L. The two minima coincide in the case where D,,/D,
= 1, ie, D, = D,,, and the hypothetical membrane is
perfectly homogeneous. If the values of the diffusion
rates differ by as little as 5%, two separate local minima
are found on the X2 surface. The values of the ¥ are
about the same for both minima when 0.4 < D, /D, <
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2.5, but when the ratio is out of this range, the value of
x? for the first minimum is higher than for the second
one. Due to symmetrical considerations, the solution ob-
tained for D, /D, = X < 1 is identical to the one for
D, /D, = 1/X, which can be found in Table I.

The two local minima shown in Table 1 differ
mainly in the value of (P,): the first minimum is char-
acterized by low and even negative (P,) values, whereas
the second minimum is characterized by high (P,) val-
ues. These are the two local minima found in the anal-
ysis of simulated data. The existence of two local
minima was also discovered in the analysis of experi-
mental data [16]. The negative (P,) solution corresponds
to the unimodal orientational distributions shown in Fig.
8 of Wang et al. [16]. The positive (P,) solution corre-
sponds to the bimodal orientational distributions shown
in Fig. 7 of Wang et al. [16]. All the results reported by
Ameloot et al. [15] correspond to the bimodal orienta-
tional distribution. Note that in the case of the bimodal
distribution the value of (P,) is substantially greater than
the values predicted with both the wobbling-in-cone
model and the Maier and Saupe model. The negative
and exaggerated positive (P, values can be real or al-
ternatively they could result from the heterogeneity in
the rotational diffusion rate. As can be seen from Table
I, when the ratio D,,/D,, is within the range from 0.2
to 5, the heterogeneity in the rotational diffusion rate
results in an anisotropy decay which is practically indis-
tinguishable from the one obtained in the case of exag-
gerated (P,) values. This does not prove that the
interpretations in Refs. 15 and 16 are wrong; however,
one should consider the possibility of the alternative in-
terpretation based on the heterogeneity in the diffusion
rate constant.

The results reported in Refs. 15 and 16 were ob-
tained with synthetic membranes which do not exhibit
domain structure; therefore there was no reason to in-
voke heterogeneity in the interpretation of these data.
Natural membranes and the synthetic membranes pre-
pared from mixtures of phospholipids often exhibit do-
main structure. Since rotational diffusion rates differ in
liquid and gel domains it will be difficult to obtain (P,)
in heterogencous membranes.

Detection of Microheterogeneity by Time-Resolved
Fluorescence Anisotropy of DPH

Interpretation of time-resolved fluorescence anisot-
ropy data critically depends on whether the population
of DPH in the membrane is homogeneous or heteroge-
neous. Even a slight heterogeneity in the rotational dif-
fusion rate would interfere with the determination of the
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order parameter (P,). Presence of the gel phase can also
influence the value of the order parameters (P,) deter-
mined from the limiting anisotropy. In this connection
it is important to be able to detect heterogeneity in the
DPH environment.

Multiexponential decay of the total fluorescence in-
tensity of DPH was attributed to the heterogeneity in its
environment [29-34]; however, there are several other
explanations for the multiexponential decay of this probe
[25-28,35,36). Complex fluorescence anisotropy decay
cannot serve as a proof of membrane heterogeneity ei-
ther, because complex anisotropy decay is expected in
an anisotropic environment. There is one case where the
fluorescence anisotropy decay of DPH can serve as a
reliable proof of the heterogeneity of its environment.
This is the case where after a rapid initial decrease the
time-resolved anisotropy r(f) starts to increase with time.
The mechanism of such behavior is considered below.

For a fluorescent probe with parallel or near-parallel
orientations of the absorption and emission dipole the
time-resolved  anisotropy in any homogeneous
environment, either isotropic or anisotropic, must be a
monotonously decreasing function of time. If the mem-
brane has multiple environments j = 1,2, ..., then the
local anisotropy 7(#) in each environment must be a mo-
notonously decreasing function. If the fluorescence in-
tensity decay is identical in all environments, then the
anisotropy of the mixture equals the sum of the individ-
ual anisotropies multiplied by their fractional intensity
contributions:

He) = 217, () (14)

If the local anisotropy 7{?#) in each environment is
a monotonously decreasing function, then the global an-
isotropy #(¢) predicted by Eq. (14) will be a monoto-
nously decreasing function. The situation changes in the
case where the fluorescence intensity decay is different
in different environments. In this case instead of Eq. (14)
we have to use the following:

2107, (f)
npH = W (15)

For simplicity we can assume that the membrane
has only two environments, ; = 1,2, the first environ-
ment being the gel phase and the second one being the
liquid phase. It is well known that the fluorescence life-
time of DPH in the gel phase is slightly longer than in
the liquid phase [29-31]. It is also well known that the
value of the asymptotic term 7. in the gel phase is
greater than in the liquid phase [5-7]. During the first
few nanoseconds the local anisotropies r(f) decrease
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Fig. 3. Time-resolved anisotropy of DPH in DPPC large unilamellar
vesicles at 40°C. The results of the analysis of these data can be found
in Table 1 in Ref. 35. Dots: #(¥) calculated from the experimental data
as (I, — I.) / (f; + 2I,). Curve: exponential series fit to the r(f) data.

from the value of #; to the local 7. values. After the end
of this initial period the behavior of the global anisot-
ropy is driven by the slow redistribution of the fluores-
cence intensity between the two populations rather than
by the variations in the local anisotropies #(f). The frac-
tional contribution of the gel phase increases with time;
therefore the value of the global anisotropy #(¢) will
increase, too.

If the lifetime of DPH is about 11 ns in the gel
phase and about 9 ns in the liquid phase, then the dif-
ference r.. — r(f) will decay to zero at the rate of 1/9
— 1/11 =~ 0.02 ns™!, which corresponds to the decay
time of 50 ns. One cannot observe r(¢) reaching the 7,
limit, because fluorescence intensity decays faster than
the difference r,,, — #(¢). In the experiment one can see
only the beginning of this slow process; therefore the
observed increase in r(f) will be very small. Figure 3
shows the behavior of #(f) calculated from the experi-
mental data reported in Ref. 35. The results reported in
Table 1 in this reference were obtained from the analysis
of these data. The data shown in Fig. 3 were obtained
with DPH in DPPC vesicles at the temperature of 40°C,
which is close to the midpoint of the phase transition
temperature of DPPC. At the temperatures far away from
the phase transition of the lipid the increase in () was
not observed. It is likely that at the latter temperatures
the membrane is homogeneous.

The increase in #(f) has been observed with par-
anaric acid under the conditions where both liquid and
gel phase were present [44,45]. 1t is likely that the in-
crease in r(f) can be observed with any probe that has
different fluorescence lifetimes in the gel and liquid
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phases. The increase is observed only when the gel and
liquid phases are present in significant quantities. Un-
fortunately, the proposed test is not sensitive enough to
detect a small fraction of the minor phase; therefore the
absence of the increase in #(f) cannot serve as a proof
of homogeneity.

SUMMARY

Determination of the order parameters from fluo-
rescence depolarization and resolving microenviron-
ments in lipid membranes are closely related subjects.
The method for measuring the order parameter (P,) in
unoriented vesicles may give incorrect results if the ro-
tational diffusion rate is slightly different in different
parts of the membrane. The determination of the order
parameter (P,) is independent of the membrane hetero-
geneity until the membrane is free from the gel phase.
In membranes where the gel phase is present the value
of the order parameter (P,) obtained from the long-time
limit of the time-resolved anisotropy can be significantly
higher than the actual value. The effects of membrane
heterogeneity on the recovery of the order parameters
has not been studied adequately. This opens a wide field
for future investigations.

ACKNOWLEDGMENT

This work is supported by NIH Grant No. GM
11632.

REFERENCES

L. M. Shinitzky, A.-C. Dianoux, C. Gitler, and G. Weber (1971)
Biochemistry 10, 2106-2113.

2. U. Cogan, M. Shinitzky, G. Weber, and T. Nishida (1973) Bio-
chemistry 12, 521-528.

3. M. Shinitzky and Y. Barenholz (1974) J. Biol. Chem. 249, 2652
2657.

4. F. Perrin (1929) Ann. Phys. (Paris) 121, 168-275.

5. L. A. Chen, R. E. Dale, S. Roth, and L. Brand (1977) J. Biol.
Chem. 252, 2163-2169.

6. R. E. Dale, L. A. Chen, and L. Brand (1977) J. Biol. Chem. 252,
7500-7510.

7. S. Kawato, K. Kinosita, Jr., and A. Ikegami (1977) Biochemistry
16, 2319-2324.

8. K. Kinosita, Jr., S. Kawato, and A. Ikegami (1977) Biophys. J.
20, 289-305.

9. M. P. Heyn (1979) FEBS Lett. 108, 359-364.

10. . Jahnig (1979) Proc. Natl. Acad. Sci. USA 76, 6361-6365.

11. G. Lipari and A. Szabo (1980) Biophys. J. 30, 489-506.

12, C. Zannoni (1981) Mol. Phys. 42, 1303-1320.

13. C. Zannoni, A. Arcjoni, and P. Cavatorta (1983) Chem. Phys.
Lipids 32, 179-250.



50

14.
15.
16.
17.
18.

19.
20.
21
22,

23.

24.
25.

26.
217.

28.

W. van der Meer, H. Pottel, W, Herreman, M. Ameloot, H. Hen-~
drickx, and H. Schroder (1984) Biophys. J. 46, 515-523.

M. Ameloot, H. Hendrickx, W, Herreman, H. Pottel, F. V. Cau-
welaert, and W. van der Meer (1984) Biophys. J. 46, 525-539.
S. Wang, J. M. Beechem, E. Gratton, and M. Glaser (1991) Bio-
chemistry 30, 5565-5572.

L. Davenport, J. R. Knutson, and L. Brand (1986) Biochemistry
25, 1811-1816.

M. Shinitzky and Y. Barenholz (1978) Biochem. Biophys. Acta
515, 367-394.

R. H. Bisby, R. B. Cundall, L. Davenport, I. D. Johnson, and E.
W. Thomas (1981) in G. S. Beddard and M. A. West (Eds.), Flu-
orescent Probes, Academic Press, San Diego, pp. 97-111.

B. R. Lentz (1988) in L. M. Loew (Ed.), Spectroscopic Membrane
Probes, Vol. 1, CRC Press, Boca Raton, Florida, Chapter 2, pp.
1341,

B. R. Lentz (1993) Chem. Phys. Lipids 64, 99-116.

A. N. Nikitin, M. D. Galanin, G. S. Ter-Sarkisian, and B. M.
Mikhailov (1959) Opt. Spectrosc. 6, 226-230.

E. D. Cehelnic, R. B. Cundall, J. R. Lockwood, and T. F. Palmer
(1975) J. Phys. Chem. 79, 1369-1376.

S. J. Strickler and R. A. Berg (1962) J. Chem. Phys. 37, 814-822.
J. B. Birks and D. J. Dyson (1963) Proc. R. Soc. Lond. 4 275,
135-148.

K. Schulten and M. Karplus (1972) Chem. Phys. Lett. 14, 305—
309.

B. S. Hudson and B. E. Kohler (1973) J. Chem. Phys. 59, 4984—
5002.

J. B. Birks and D. J. S. Birch (1975) Chem. Phys. Lett. 31, 608—
610.

29

30.
31.

32.

33.
34,

35.

36.

37.
38.

39.
40.

41.

42.

43,

44
45

Toptygin and Brand

. R. D. Klausner, A. M. Kleinfeld, R. L. Hoover, and M. J. Kras-
novsky (1980) J. Biol. Chem. 255, 1286-1295.

D. A. Barrow and B. R. Lentz (1985) Biophys. J. 48, 221-234.
T. Parasassi, F. Conti, M. Glaser, and E. Gratton (1984) J. Biol.
Chem. 259, 14011-14017.

R. M. Forini, M. Valentino, S. Wang, M. Glaser, and E. Gratton
(1987) Biochemistry 26, 3864-3870.

B. R. Lentz and 8. W. Burgess (1989) Biophys. J. 56, 723-733.
T. Parasassi, G. De Stasio, R. M. Rusch, and E. Gratton (1991)
Biophys. J. 59, 466-475.

D. Toptygin, J. Svobodova, I. Konopasek, and L. Brand (1992)
in Time-Resolved Laser Spectroscopy in Biochemistry III, SPIE
1640, pp. 739-751.

D. Toptygin, J. Svobodova, I. Konopasek, and L. Brand (1992) J.
Chem. Phys. 96, 7919-7930.

W. Lukosz (1980) Phys. Rev. B 22, 3030-3038.

D. Toptygin and L. Brand (1993) Biophysical Chemistry 48, 205—
220.

E. Gratton and T. Parasassi, J. Fluorescence, this issue.

M. J. Janiak, D. M. Small, and G. G. Shipley (1976) Biochemistry
15, 4575-4580.

J. Katsaras, D. S-C. Yang, and R. M. Epand (1992) Biophys. J.
63, 1170-1175.

S. Tristram-Nagle, R. Zhang, R. M. Suter, C. R. Worthington, W.-
J. Sun, and J. F. Nagle (1993) Biophys. J. 64, 1097-1109.

R. P. H. Kooyman, M. H. Vos, and Y. K. Levine (1983) Chem.
Phys. 81, 461-472.

. A. Ruggiero and B. Hudson (1989) Biophys. J. §5, 1111-1124.

. A. Ruggiero and B. Hudson (1989) Biophys. J. 55, 1125-1135.



