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ABSTRACT An analysis is presented of
the complex anisotropy behavior of
trans-parinaric acid in single compo-
nent DEPC lipid bilayers. It is shown
that a model involving two species with
distinct lifetime and motional behavior
is required, and is adequate, to explain
the observed data. In particular, the
observed increase in the anisotropy at
long times demonstrates the presence
of a species with a long fluorescence

lifetime that has a high anisotropy. The
time dependence of the anisotropy for
these two environments is treated
using both a purely mathematical sum
of exponentials and a constrained fit
based on an approximate solution of
the anisotropic diffusion problem. In
this latter model the anisotropy is
described in terms of the second and
fourth rank order parameters, (P2 )
and (P4), and a single dynamical

parameter, D_9, the perpendicular diffu-
sion coefficient for this uniaxial probe.
The parameters of both models are

accurately determined from the fits to
the data when two environments coex-
ist and an association is made between
lifetime components and distinct rota-
tional sites. The values of the parame-
ters obtained demonstrate the 'solid-
like" and "fluidlike" nature of these two
coexisting environments.

INTRODUCTION

The time dependence of the emission anisotropy of fluo-
rescent species in biopolymers or lipid bilayers is a useful
way to determine the orientational order and dynamic
mobility of these species (Kinosita et al., 1977, 1982;
Kawato et al., 1977, 1978; Heyn, 1979; Jahnig, 1979a
and b; Zannoni, 1981; Zannoni et al., 1983; Szabo, 1984;
Ameloot et al., 1984; van der Meer et al., 1984). The
asymptotic anisotropy observed at long times for a probe
in a bilayer can be directly related to the second rank
order parameter, (P2). The time dependence of the
anisotropy at short times is related to the dynamic behav-
ior of the emitting species. Fluorescence anisotropy mea-

surements using modern methods permit the separation
and measurement of the rate of internal motion as distinct
from the amplitude of that motion. Because of the aniso-
tropic nature of these systems, the connection between
microscopic motional parameters and the observed time
dependence of r(t) requires applications of a model
(Kinosita et al., 1977, 1982; Kawato et al., 1977, 1978),
the use of approximate solutions of general cases (Zan-
noni, 1981; Zannoni et al., 1983; Szabo, 1984; Ameloot et
al., 1984; van der Meer et al., 1984) or the use of
molecular dynamics simulations (Northrup and Curvin,
1985; van der Ploeg and Berendsen, 1981; 1983; Busico
and Vacatello, 1983; Kox et al., 1980).
The unique interpretation of anisotropy behavior is

potentially complicated by the effects of heterogeneity of
the population of fluorescent species. If all of the fluoro-
phores of the sample have the same excited state decay
behavior (the same lifetime in the simplest case), then the

extracted motional and order parameters will be well-
defined averages over the population. Similarly, if the
population is homogeneous with respect to its motional
and order behavior but is heterogeneous with respect to
excited state decay behavior, then the values obtained
from analysis of the anisotropy will again reflect the true
dynamic properties. The complexity occurs when there is
a correlation between the excited state decay and
motional properties for subpopulations of the sample.
Given the photophysical properties of many fluorophores,
this is expected to be a common situation. In this case the
time dependence of the anisotropy does not reflect motion
per se because the anisotropy includes time-dependent
weighting of the components of the population. For
example, at long times the observed anisotropy is domi-
nated by those species in the population with the longest
lifetime. We have discussed this problem in qualitative
terms and presented several experimental examples in
previous work (Hudson et al., 1986, 1987). We have also
presented the results of simulations showing the range of
behavior that can be obtained in such cases (Ludescher et
al., 1987). This phenomenon is well known in formal
terms (Lakowicz, 1983; Dale et al., 1977; Claesens and
Rigler, 1986; Rigler and Ehrenberg, 1973; Szabo, 1984)
but there do not seem to be any examples where experi-
ments exhibiting this effect have been subjected to an
analysis resulting in decomposition of the overall aniso-
tropy into the behavior of the individual environments.
The successful demonstration of such a procedure, and
the reliability of the resulting parameters, is one of the
major points of this paper.

In the preceding article (Ruggiero and Hudson, 1989)
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we demonstrated that at temperatures up to 150C above
the order-disorder phase transition there is a heterogene-
ity in single-component lipid bilayers that results in a
nonexponential fluorescence decay for trans-parinaric
acid. This behavior is attributed to critical fluctuations in
these systems consistent with ultrasonic (Nagle, 1976;
Doniach, 1978; Mitaku et al., 1978; Mitaku and Okano,
1981; Mitaku and Date, 1982; Mitaku et al., 1983) and ac
calorimetry measurements (Hatta et al., 1983, 1984) and
with theoretical arguments (Kanehisa and Tsong, 1978;
Zuckermann and Pink, 1980; Jahnig, 1981a-c; Mou-
ritsen et al., 1983; Mouritsen and Zuckerman, 1985). The
ability to assign the components of the fluorescence decay
of parinaric acid to environments with distinct density is
based on the sensitivity of the fluorescence lifetime of this
probe species to its environment (Sklar et al., 1977a and
b). The known sensitivity of the absorption spectrum of
parinaric acid to local density (Sklar et al., 1977a and b)
was also utilized to characterize the individual probe
environments in lipid bilayers (Ruggiero and Hudson,
1989). There is a strong correlation between density and
acyl chain order in lipid bilayers. Because of this, and
because of the fact that trans-parinaric acid has a fluores-
cence lifetime that depends on density, it is expected and
observed that the anisotropy of the fluorescence of trans-
parinaric acid will exhibit anomalous behavior in bilayer
systems in the temperature range where two distinct
environments coexist. In the present work we show that
the order parameters and rotational diffusion coefficients
extracted from a heterogeneous model of the lipid bilayer
are consistent with the interpretation of coexisting
domains that have "solidlike" and "fluidlike" properties.
The quantitative variation of these dynamic properties is
discussed.

MATERIALS AND METHODS

The fluorescent species used in this study is trans-parinaric acid, a
well-characterized fluorescent probe (Sklar et al., 1975, 1976, 1977a
and b; Wolber and Hudson, 1981, 1982; Hudson et al., 1986, 1987;
Hudson and Cavalier, 1987). The major features of this species used in
the present application are the collinearity of its absorption and emission
transition dipoles and the fact that the fluorescence lifetime of parinaric
acid is a sensitive function of its environment. Specifically, the lifetime is
much longer in environments with a high density than for those with a
low density. This results in a large decrease in the fluorescence lifetime
for this probe in a lipid bilayer when the temperature is increased
through Tm, the temperature of the order-disorder phase transition.
Lipid vesicles were prepared using the injection method of Kremer et al.
(1977) as previously described (Ruggiero and Hudson, 1989). Aniso-
tropy and total intensity decay measurements were made by time-
correlated single photon counting (Fleming, 1986) with a picosecond
dye laser-based system and a microchannel plate detector. The intrinsic
time resolution of the instrument (full width at half height of the
response function) is on the order of 150 ps. The experimental aspects of

this study are described in some detail in the previous paper (Ruggiero
and Hudson, 1989).

METHODS OF DATA ANALYSIS

Fluorescence lifetime data obtained with "magic angle"
polarization were analyzed using both the method of
moments (Isenberg and Dysan, 1969) with moment index
displacement (Isenberg, 1973; Small and Isenberg, 1977)
and by iterative reconvolution using a Marquardt nonlin-
ear least squares algorithm (Marquardt, 1963). The
quality of the fits obtained with the nonlinear least
squares fitting procedures were judged by the (reduced)
x2 value and the randomness of the modified residuals
(residuals divided by the square root of the number of
counts). "Randomness" of the deviation between the
calculated and observed data was evaluated by visual
inspection of plots of both the residuals and the Poisson
weighted autocorrelation function of the residuals versus
channel number and also by the "runs test" (time
sequence of signs + or -) of the residuals (Ameloot and
Hendrickx, 1982; Grinvald and Steinberg, 1974). The
quality of the method of moments analyses was deter-
mined by the agreement between results obtained at
different moment displacement values, the lambda-invar-
iance test based on exponential depression, and compo-
nent incrementation (Isenberg and Small, 1982; Libertini
and Small, 1983). In both methods the total fluorescence
intensity was assumed to decay as a sum of exponentials.
The anisotropy data were fit using a Marquardt nonlin-

ear least squares search. The horizontal and vertical
fluorescence decay curves were simultaneously fit (Flem-
ing and Cross, 1984) using separate horizontal and verti-
cal response functions determined at the same count rate
as their corresponding fluorescence decay components.
The anisotropy data were fit to four different models as
follows.
The first model, designated re, is an unconstrained sum

of exponentials, a purely mathematical fit to the data. If
rotational homogeneity of the sample is assumed, this
model has the form:

m

re(t) = zE bj exp (-t/kj) + bm+l,
j-l

(1)

where r(oo) = bm+i is the anisotropy at long time. The
number of exponential terms, m, is two or three as

discussed below. The fundamental anisotropy at time t =
0 is given by

m+l

r,(O) = b
j-l

(2)

Heterogeneity of the bilayer in terms of the correlated
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variation of the fluorescence decay and anisotropy behav-
ior is accounted for by an "associated" exponential model
of this type, designated rae, in which the lifetime and
amplitude of the total intensity decay components are

now specifically associated with individual anisotropy
parameters

where

n

r., (t) = Ffi(t)r,(t),
i-I

fi(t) = a, exp (-t/Ti)/IT (t),

n

IT(t) = E a1 exp (-t/r, )
i-I

and
ml

r,(t) = Lb,j exp (-t/1ij ) + bim+i.
l-1

(3)

1984; Szabo, 1984). This "constrained" model in its
"unassociated" form is designated r,. In this model the
anisotropy is expressed in terms of the perpendicular
diffusion coefficient D1 and the order parameters (P22)
and (P4). The expression for this constrained model rc is

3

r,(t) = E bj exp (-t/lj ) + b4,
J-1

(9)

(4) where the bj and 4j are functions of D1, (P2), and (P4) as
given in Table 1. (The expression for O2 given in Ameloot

(5) et al., 1984, Table 3, has been corrected by inclusion of a
factor of 2.)
The corresponding heterogeneous version of the van der

Meer model with inclusion of associated fluorescence
(6) decay and rotational motion is given by

The number of environments, n, is two for the cases

analyzed here. The amplitudes associated with each envi-
ronment, a,, are determined from an analysis of the total
fluorescence decay. In the case of parinaric acid in
hydrocarbon solution and in fluid bilayer environments,
the fluorescence decay appears to require two exponential
terms for an adequate description. In such cases the
weighting factor f consists of a sum of two exponential
terms. The number of terms describing the decay of the
anisotropy in the ith environment, mi, is set equal to one

for the analyses presented here. Each environment is
characterized by a specific limiting anisotropy, rotational
diffusion coefficient and second and fourth rank order
parameters.

In either of these models the perpendicular diffusion
coefficient is given by

;= (-) r(O) E bloij, (7)6 j-1

and the second rank order parameter is given by

(P2) [r(om)/r(O)]/ . (8)

The other pair of analyses are based on the model of
van der Meer et al. (1985) resulting from an approximate
solution of Smoluchowski equation (van der Meer et al.,

n

rac(t) = Yfi(t)ric(t)
i-I

(10)

wherefi(t) is given by Eq. 4, riC(t) is given by Eq. 9 and
Table 1, and I(t) is given by Eq. 5.

Elaborate descriptions of the time-dependent aniso-
tropy that allow all parameters to be freely adjustable
may result in large uncertainties for the estimated param-
eters. To reduce the number of free parameters, the initial
anisotropy at time t = 0, ro, known as the fundamental
anisotropy, is usually fixed at a predetermined value in
the analysis (Ameloot et al., 1984; Kinosita et al., 1982).
The logical choice for this value is the theoretical limit
determined by the relative orientations of the absorption
and emission dipoles, or the experimentally determined
value from a steady-state measurement of the probe
under completely rigid conditions. Unfortunately, in situ-
ations involving complex decays, instrumental time reso-
lution often plays an important role in determining the
observed value of ro. Motions too fast to be resolved will
appear as instantaneous rotations of the transition dipoles
and result in the lowering of ro from the theoretical value
(Szabo, 1984; Zinsli, 1977). In these cases, fixing rO at the
theoretical limit or at a value determined under condi-
tions where these fast librational motions may not be
present may result in poor quality fits or in distortions of

TABLE 1 Expressions for the decay of the anisotropy of a uniaxial fluorescence probe with a distribution function
characterized by (P2) and (P4)

r(t) = Ebj exp ( - t/4i) + ro (P2)2
J-1

i bj lo
1 ro('/s + 2 (P2)/7 + 18 (P4) - (P2)2) b1/6roD,(/s + (P2)/7 - 12(P4)/35)
2 2ro(0/5 + (P2)/7 + 3 (P4)/35) b2/l2roD, ('/s + (P2)/14 + 8(P4)/35)
3 2ro('/s- 3(P2)/7 + 3(P4)/35) b3/l12rOD±('/s- (P2)/7 - 2(P4)/35)
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the estimated parameters. The procedure used in this
work involved first analyzing the data with all parameters
freely adjustable and then reanalyzing the data with ro
fixed at the value obtained from the free fit. To determine
the effect of ro on the estimated parameters, additional
analyses were performed with ro fixed at several different
values. In all cases, the fits were of poorer quality and the
estimated parameters had larger uncertainties than when
ro was fixed at the free fit value. Although the actual
parameter values and fit quality varied at different fixed
values of ro, the estimated parameters always showed the
same qualitative behavior.
The recovered parameters were independent of fitting

range within the statistical and experimental error of the
measurement, but the quality of the fits were often poorer
(X2 1.5 rather than 1.0-1.2) when the rising edge of the
response function was included in the analysis. Because
the fluorescence lifetime parameters in an anisotropy
experiment are usually calculated from the horizontal
and vertical polarization decay components, comparison
of these values with the total fluorescence decay mea-

sured under the same conditions but at the magic angle
provides a good internal consistency check of the data
quality. In all cases the fluorescence decay parameters
calculated from the fluorescence polarization decay com-

ponents of the anisotropy experiments were in good
agreement for different anisotropy models and with the
magic angle lifetime data.
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RESULTS
The time dependence of the fluorescence anisotropy of
trans-parinaric acid in a bilayer composed of dielaidoyl-
phosphatidylcholine (DEPC) at 170C is shown in Fig. 1.
The corresponding behavior at other temperatures is
presented in Figure 7 of Ruggiero and Hudson, 1989 (see
also Hudson et al., 1986, Fig. 8, and Hudson et al., 1987,
Fig. 2). The major point of interest is the increase in the
anisotropy at long times for some temperature values.
This behavior, in conjunction with the large value of ro, is
inconsistent with any homogeneous model for the fluoro-
phore environment (Ludescher et al., 1987; Hudson et al.,
1987). The analysis of such results in terms of the models
presented above is the main objective of the present work.
The parameter values resulting from such an analysis are
given in Table 2 and presented in Figs. 2 and 3. Fig. 1
shows the optimized fit of the rae model to the data at 170
and includes plots of the modified residuals for this fit for
the individual parallel and perpendicular transients. It is
clear that this model gives an excellent fit to the data.

Within a given analysis classification (i.e., associated
or nonassociated), the unconstrained mathematical mod-
els (r. and rae) and the constrained models (r, and rac)
gave equally good statistical fits. In the constrained
models, the anisotropy decay is described as the sum of
three exponential terms plus a constant. The parameters
of the decay are determined by (P2), (P4), and D,. In all

I a I .. I

I a
2 25.5 36.S
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FIGURE 1 The time-dependent anisotropy decay of trans-parinaric acid in dielaidoylphosphatidyl choline vesicles at 170C. The points are data;
smooth curves represent the appropriately convoluted optimized fit to the data using the associated exponential model. The curves at the top are plots
of the modified residuals for the parallel and perpendicular transients, i.e., the difference between the calculated and observed values divided by the
square root of the observed value.
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FIGURE 3 The variation of (P4) with (P2) for trans-parinaric acid in
DEPC vesicles (solid and open squares corresponding to anisotropy
models assuming rotational homogeneity and heterogeneity, respec-
tively) and for cholesterol/DEPC mixtures (solid circles). Open circles
represent results for the analysis of trans-parinaric acid in DPPC
bilayers analyzed on the basis of a homogeneous model (Ruggiero,
1986). The smooth curve shows the relationship between (P4) and (P2 )
for the rotational diffusion within a cone model (Kinosita, et al., 1977;
van der Meer, 1984).

eter (P4). It is interesting to note that when a free-

floating unconstrained exponential model is used the
----------- --

anisotropy data is best fit by a model that contains only
1.0 20 30 40 so two exponentials and a constant. Attempts to fit the data

with three unconstrained exponentials resulted in two
TER:MPERATU REtER < °C ) identical correlation times and very large uncertainties in

the estimated parameters due to cross-correlation. This
dependence of the second and fourth rank seems to suggest the need for a constrained model when

he perpendicular diffusion coefficient of trans- fitting complex anisotropy data with multiple exponential
IC bilayers. (Circles) Fluid (short lifetime) models.
solidlike (long lifetime) environment. Solid In all of the models, the value of the fundamental
the data of associated anisotropy models that anisotropy ro in the bulk fluid phase lipids is found to be
igeneity. Open symbols are from fits to the data 'nisotropy lowei the phser li ei tolbe
homogeneity. In the (P2) plot the largest significantly lower than that observed in either the solid-

y smaller than the symbols; in the (P4) plot the like lipid clusters near the transition point or in solid
,slightly larger than the symbols. The statistical phase lipids for temperatures well below the order-
n the D, plot unless they are smaller than the disorder transition temperature. In principle, the value of

ro should depend only on the relative orientations of the
absorption and emission transition dipoles. The theoreti-

ne asymptotic value of the anisotropy cal value of ro for a molecule with parallel transition
2. Although the constrained models dipole moments is 0.4. The experimentally determined
nential terms, the actual number of value of ro in solid-phase lipids and the solidlike lipid
rrs is less than in an unconstrained fit clusters in the fluid phase is 0.38-0.4. In the fluid phase
ponentials because all the correlation bilayer a value of ro near 0.3 is obtained from the data. A
rntial factors are functions of only the value of ro that is lower than the theoretical maximum
2 ), (P4 ), and D1. The two-exponen- can result either from an "instantaneous" rotation of the
iodels contain four adjustable param- transition dipoles due to electronic relaxation or from
the constrained models permit an molecular motions that are too rapid to be experimentally

gher order orientational order param- resolved. The fact that values of ro close to the theoretical
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TABLE 2 Parameter values resulting from analysis of the anisotropy decay of trane-parinaric acid in DEPC bilayers

Exponential Analysis

C(1) C(2)
EX T a, Ro(1) R(1) k(1) [(P2(1))] RO(2) R(2) 4(2) [(P2(2))] x2

300 12 0.829 0.333 0.021 0.467 0.312 0.0 1.0 1.15
(0.006) (0.00) (0.049) [0.968] (0.0) (0.0)

300 15 0.243 0.397 0.105 0.893 0.292 0.298 0.130 2.612 0.159 1.08
(0.032) (0.002) (0.177) [0.8581 (0.007) (0.286) [0.730]

300 17 0.173 0.400 0.124 0.202 0.276 0.280 0.180 2.186 0.100 1.19
(0.004) (0.001) (0.047) [0.831] (0.002) (0.055) [0.598]

320 17 0.169 0.397 0.118 0.285 0.279 0.289 0.179 2.214 0.110 1.46
(0.008) (0.001) (0.060) [0.838] (0.003) (0.063) [0.617]

300 20 0.065 0.380 0.195 0.299 0.185 0.279 0.189 1.954 0.090 1.31
(0.003) (0.003) (0.096) [0.698] (0.001) (0.027) [0.568]

320 20 0.075 0.400 0.187 0.286 0.213 0.323 0.221 1.539 0.102 1.49
(0.004) (0.005) (0.234) [0.730] (0.001) (0.021) [0.562]

300 25 0.042 0.318 0.116 2.757 0.120 0.082 0.687 1.25
(0.007) (0.004) (0.097) [0.614] (0.005) (0.029)

300 30 0.015 0.297 0.110 2.441 0.073 0.114 0.695 1.33
(0.002) (0.015) (0.261) [0.496] (0.015) (0.080)

300 40 0.013 0.314 0.156 1.250 0.071 0.087 0.288 1.25
(0.001) (0.005) (0.039) [0.476] (0.006) (0.018)

320 40 0.014 0.322 0.156 1.367 0.071 0.095 0.265 1.10
(0.001) (0.003) (0.033) [0.470] (0.004) (0.012)

Relaxation times are given in nanoseconds, diffusion coefficients in reciprocal nanoseconds. Estimates of the statistical uncertainty are given in
parentheses. a, is the amplitude of the long-lifetime fluorescence component. For both the exponential analysis (left) and constrained analysis (right),
an associated model (rae or ra,, respectively) was applied to the data obtained at 15-200. For lower and higher temperatures a homogeneous model was
found to be adequate to fit the data. For the homogeneous fit there is a single value of ro; there are two exponential components for the anisotropy
decay. In these cases R(i) = b, and C(1) = b3 as used in Eq. 1. In the associated models the labels 1 and 2 refer to the two environments with their

maximum are observed in solid-phase lipids suggests that
the lower value in the fluid phase bilayer is due to a

motional component that is too fast to be detected under
the present experimental conditions. The depolarization
mechanism must be faster than 100 ps and must change
the angle between the absorption and emission dipoles by
-240 to result in a lowering of ro to a value on the order of
0.3. Isomerization of the all-trans tetraene chromophore
to a cis isomer might occur on this timescale (Granville et
al., 1980) but this is only expected to change the transi-
tion dipole orientations by a small amount if at all. The
most probable candidates for the depolarization mecha-
nism are trans-gauche isomerizations in the saturated
part of the trans-parinaric acid that induce rapid libra-
tions of the chromophore or rigid body tilting of the entire
molecule. Concerted trans-gauche excitations (kink for-
mation) would not depolarize the emission because this
motion does not reorient the transition dipole. The possi-
bility that this rapid depolarization of the emission may
be due to rigid body tilting of the molecules is consistent

with recent molecular dynamics simulations of lipid
bilayers and monolayers (Northrup and Curvin, 1985;
van der Ploeg and Berendsen, 1981, 1983). These calcula-
tions result in a cooperative rigid body tilting of the lipid
hydrocarbon chains on the 10-20-ps timescale with a tilt
angle on the order of 10-300 (van der Ploeg and Berend-
son, 1981). Cooperative tilting of the lipid acyl chains has
been proposed as a "gating" mechanism that modulates
the nucleation of disordered lipid domains in the phase
transition region (Northrup and Curvin, 1985). The
determination of the exact nature of the fluorescence
depolarization mechanism giving rise to the low ros found
in fluid-phase lipid bilayers requires further experimental
investigation. One approach is the use of analogues of
parinaric acid with the conjugated tetraene moved to
another position in the acyl chain because this changes
the possibilities for trans-gauche isomerization.
A comparison of the limiting anisotropy and rotational

diffusion coefficients obtained from the constrained and
unconstrained models (Table 2) is useful because it gives
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Constrained Analysis

RO(l) (P2(1)) (P4(1)) D',(I) Del(1) Ro (2) (P2(2)) (P4(2) D',(2) Del(2) X2

0.333 0.968 0.896 0.022 0.022 1.12
(0.001) (0.034) (0.017) (0.005)

0.397 0.857 0.564 0.055 0.049 0.288 0.739 0.282 0.039 0.027 1.03
(0.003) (0.059) (0.058) (0.187) (0.018) (0.068) (0.022) (0.176)

0.397 0.836 0.505 0.294 0.255 0.285 0.576 0.038 0.063 0.049 1.16
(0.002) (0.005) (0.191) (0.100) (0.010) (0.072) (0.014) (0.031)

0.397 0.840 0.517 0.352 0.173 0.306 0.609 -0.004 0.095 0.046 1.45
(0.002) (0.046) (0.227) (0.109) (0.008) (0.034) (0.012) (0.042)

0.390 0.702 0.180 0.364 0.286 0.286 0.548 0.003 0.080 0.057 1.23
(0.006) (0.074) (0.124) (0.173) (0.005) (0.085) (0.021) (0.019)

0.385 0.748 0.284 0.316 0.272 0.333 0.544 0.037 0.095 0.074 1.37
(0.008) (0.020) (0.283) (0.435) (0.003) (0.048) (0.012) (0.017)

0.318 0.624 0.111 0.081 0.084 1.44
(0.001) (0.022) (0.005) (0.004)

0.294 0.508 -0.017 0.116 0.117 1.35
(0.002) (0.015) (0.004) (0.031)

0.306 0.488 -0.058 0.202 0.226 1.28
(0.002) (0.016) (0.008) (0.002)

0.309 0.489 -0.065 0.200 0.244 1.15
(0.002) (0.020) (0.010) (0.003)

distinct parameter values. The limiting anisotropy values C(1) and C(2) have been converted to the corresponding values of (P2) using Eq. 8 and are
given in square brackets in columns 7 and 11 for comparison with the results of the constrained analysis given in columns 14 and 19. Similarly, the
values of D, obtained from the mathematical exponential analysis using Eq. 7 are given in columns 17 and 22 (labeled D,[11 and D'[2]) for
comparison with the values obtained directly from the constrained analysis (D'[1] and Dc[2]) given in columns 16 and 21.

an indication of the reliability of the estimated value of
(P4). The limiting anisotropy is model-independent,
although its actual value depends slightly on the specific
expression used in the fitting procedure because of corre-

lations with the other parameters. The values obtained for
the different models are almost identical. The rotational
diffusion coefficients obtained from both types of models
are also in reasonable agreement. This is significant
because in the constrained models the rotational diffusion
coefficient and (P4) are correlated, while in the uncon-

strained models the diffusion coefficient is calculated
from the preexponential factors and correlation times.
The larger uncertainties for the rotational diffusion coef-
ficients of the solid-phase environment compared with
those for the coexisting fluid phase obtained from the
lifetime-associated models can be attributed to a lack of
precision in the data due to the relatively small amplitude
of the long-lifetime component. The similarity in magni-
tude of the rotational correlation time associated with the
long-lifetime species to the instrument response function

width also aggravates the deconvolution problem for this
complex analysis and makes it difficult to determine this
parameter with precision.

It is not possible to obtain an adequate fit to the
anisotropy decays that exhibit upward curvature without
assuming rotational heterogeneity with association of the
fluorescence lifetime components and the anisotropy
decay behavior. This is described more generally else-
where (Ludescher et al., 1987). Furthermore, excellent
fits to the data are obtained using an associated model
involving only two probe environments. This demon-
strates that such a simple model is adequate for this
anisotropy data in agreement with the treatment of the
total fluorescence decay data presented previously (Rug-
giero and Hudson, 1989). The temperature dependence of
the order parameters (P2), (P4), and D1 determined
from the constrained models for DEPC above the phase
transition temperature is shown in Fig. 2. These plots
contain the results for each of the two environments in
those cases where an associated model is required and the
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values obtained from a nonassociated fit when that was

adequate. The variation of (P4) with (P2) is presented in
Fig. 3. These figures demonstrate the general precision of
the data because the resulting plots show smooth varia-
tion of these derived parameters.

DISCUSSION

The most important result of the analysis of the complex
anisotropy data of trans-parinaric acid in DEPC bilayers
is that the resulting order parameters supports the view
that the long-lifetime component of the fluorescence
decay is associated with an environment having (P2) and
(P4) values that are consistent with a solidlike environ-
ment. The values of (P2) for the environment associated
with the long lifetime is consistently higher than that of
the coexisting fluid phase at the same temperature. This
is, in a sense, a necessary consequence of the upward
curvature of the anisotropy decays at long times. The fact
that the (P4) values are also higher for the solid environ-
ment than for the fluid environment is not obvious from
the behavior of the anisotropy decays but is revealed by
the detailed data analysis.
The temperature variation of (P2) and (P4) for the

solidlike clusters and the fluid phase (Fig. 2, a and b)
show distinct behavior. These order parameters for the
fluid phase show a sharp, nearly discontinuous change as
the phase transition temperature is approached. The
corresponding solid-phase parameters show a smooth
variation over a wider temperature range. The distinct
behavior of the two components indicates that the phase
transition has been resolved into a first-order transition
undergone by the bulk fluid-phase lipids and a continuous
second-order transition undergone by the solidlike clus-
ters. Microscopically this can be understood by the fact
that molecules in bulk fluid phase can cooperatively
interact, whereas the interaction between lipid clusters in
the transition region is screened by a boundary layer of
lipids in intermediate states. The existence of a boundary
layer within which the value of the order parameter varies
continuously from that inside the cluster to that of the
surrounding disordered bulk lipid is essential because the
formation of a cluster with a sharp boundary would be
energetically unfavorable. The fourth rank order parame-
ter exhibits similar behavior to the second rank order
parameter. This behavior is also reflected in the variation
of the amplitudes of the fluorescence lifetime components
as discussed previously (Ruggiero and Hudson, 1989).

Excitation of trans-parinaric acid fluorescence at 320
nm, near the "red edge" of its absorption, results in an
increased amplitude for the solid-phase component of the
fluorescence decay (Ruggiero and Hudson, 1989). This is
due to the higher density and increased polarizability of

this environment (Sklar et al., 1977a and b). Variation of
the excitation wavelength from 300 to 320 nm also yields
higher values for the order parameters in both the
lifetime-associated and -unassociated models for temper-
atures near the phase transition point (Table 2). This
suggests that either solidlike clusters of slightly different
densities are being sampled or different regions of the
clusters are being sampled. The center of a cluster, for
example, is expected to be denser and have a higher order
parameter than the edge. This suggests that a model with
a distribution of environments may be needed to explain
the data in complete detail.
The smooth variation of the extracted diffusion coeffi-

cient D1 as a function of temperature (Fig. 2 c) demon-
strates the statistical reliability of these values and the
reproducibility of the experiments. Similar values are

obtained for 300 and 320 nm excitation despite the
variation in the value of (P2) with excitation wavelength
discussed above.
An important conclusion from the data presented in

Table 2 and Fig. 2 is that the rotational diffusion coeffi-
cient obtained for the solidlike clusters is much larger
than that obtained for the actual solid phase at 1 20C and
also much larger than that for the surrounding fluid lipid
at the same temperature. This behavior can be rational-
ized in terms of the Dissado and Hill model for the
formation and regression of structural fluctuations (Dis-
sado and Hill, 1983, 1982; Dissado, 1984; Dissado et al.,
1985). In this model, the excess energy of the fluctuation,
which is stored as local mechanical strain in the cluster at
the time of its creation, is converted into the kinetic
energy of local displacement motions. The excess local
heat content of the cluster is removed as it regresses by
dissipation into the many degrees of freedom of the
surrounding disordered "bath" via regionalized lattice
modes (phonons). The much larger rotational diffusion
coefficients observed for the solidlike lipid clusters
reflects the excess kinetic energy of the clusters relative to
the bulk fluid-phase lipids. The conversion of the initial
potential energy of the cluster into the molecular rota-
tional motion of the constituent lipids seems reasonable
because the excitation of intramolecular vibrations would
require much more energy and trans-gauche excitations
would result in the destruction of the cluster.

Another noteworthy feature of the data in Fig. 2 c is
the rapid decrease in value of the rotational diffusion
coefficient (increase of the rotational correlation time) of
the probe in both the bulk fluid phase and solidlike
clusters as the transition temperature is approached. It is
tempting to attribute the slowing down of the reorienta-
tional motion of the probe in the bulk fluid phase with an

increase in cooperative molecular interactions as the
transition point is approached. An examination of the
rotational diffusion coefficient simply as a function of the
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order parameter from different lipid samples, however,
reveals that the value of the diffusion coefficient is also
strongly correlated with the order of the bilayer regard-
less of the distance from the transition point. The nonlin-
ear relationship between the bilayer order and the rota-
tional diffusion coefficient suggests that a simple hydro-
dynamic description of fluid probe interactions in the
bilayer may not be appropriate. It should be noted that
whereas the lower value of ro and the inability to resolve a
very fast component in the fluid-phase bilayer anisotropy
decay will certainly affect the accuracy of the recovered
value of the diffusion coefficient, the magnitude of the
trends observed here are much too large to be attributed
solely to this type of fitting artifact.

Hydrodynamic theories generally predict a linear
dependence of the rotational diffusion coefficient on
temperature and viscosity unless either the coupling
between the molecule and the bulk is temperature depen-
dent (Kowert and Kivelson, 1976) or there is a turnover
between slip and stick boundary conditions as the density
increases (Hynes et al., 1978). In general, molecular
rotation in a dense fluid is influenced by both microscopic
and collective (hydrodynamic) effects (Hynes et al.,
1978). The relative contributions of these two effects on
molecular rotational and orientational motion in liquids
has been discussed in great detail (Hynes, 1977). In cases
such as this where the probe molecules and the molecules
which make up the surrounding fluid are the same size,
microscopic collisional effects are expected to dominate.
It is quite possible that for trans-parinaric acid in lipid
bilayers near the transition point several complex micro-
scopic and collective interactions occur and are coupled.
The constrained rC and ra, descriptions of the fluores-

cence anisotropy are completely general in the sense that
they represent approximate solutions of the Smolu-
chowski diffusion equation that have been obtained with-
out specifying beforehand the type of uniaxial potential in
which the probe molecules move. Because the anisotropy
decay in these models gives information on the two
parameters, (P2) and (JP4), the acyl chain order informa-
tion at a particular temperature can be conveniently
represented as a point in a (P2), (P4) plane (van der
Meer et al., 1984). The models for rotational diffusion on
a cone (Wolber, 1980) and within a cone (Kinosita, 1977)
as well as the Gaussian or Maier-Saupe model in which
the reorientational potential appearing in the Smolu-
chowski equation is taken proportional to P2(cos 0) are all
completely characterized by (P2) because (P4) is a
specified function of (P2) for each model. The character-
istic (P2)/(P4) relationships for the specific models that
have been proposed for the motion and distribution of acyl
chains in bilayers can then be compared with the experi-
mental data. Such a comparison of the DEPC data
obtained here with the simple "diffusion in a cone" model

(Kinosita, 1977) is presented in Fig. 3. The good agree-
ment between the data obtained under conditions where
two rotationally distinct environments were assumed (i.e.,
near the phase transition point) and the data obtained far
from the transition point where rotational homogeneity
was assumed demonstrates that the overall approach used
to analyze the data is internally consistent and at least
qualitatively correct. It is also of interest that this (P2 ) /
(P4 ) correlation obtained for trans-parinaric acid is quite
different from that obtained for diphenylhexatriene
(Ameloot et al., 1984). A more detailed discussion of this
and other data, comparisons with other models and the
interpretation of the angular distribution functions in
terms of information theory is presented in another
publication (Ruggiero and Hudson, manuscript in prepa-
ration). The main point here is that the complex, often
rising, anisotropy behavior observed for trans-parinaric
acid in a single component lipid bilayer can be interpreted
in terms of a two-domain model consistent with critical
behavior (Ruggiero and Hudson, 1989), a reasonable acyl
chain angular distribution function and a smooth varia-
tion of the perpendicular diffusion coefficient with tem-
perature.
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