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Analysis of time-resolved fluorescence anisotropy measurements on DPH and TMA-DPH in POPC vesicles with and without 
cholesterol in terms of the rotational diffusion model shows two distinct x: minima which are statistically equivalent. This is 
explained by the fact that the anisotropy decay function is given by a sum of three correlation functions which cannot be uniquely 
separated into individual contributions. The two solutions yield contradictory results for the effect of cholesterol on the probe 
dynamics. It is shown that the Maier-Saupe potential and the “wobble-in-cone” model do not give an adequate picture of the 
orientational order and the reorientational dynamics. 

1. Introduction 

Lipid vesicles are widely used as model systems in 
the study of the dynamic structure of lipid bilayer 
membranes. Much of our understanding of these sys- 
tems has been obtained from probe techniques which 
monitor the molecular order and dynamics of extra- 
neous molecules embedding in the membrane struc- 
ture [ 1,2]. In particular, time-dependent fluorescence 
anisotropy measurements provide a convenient 
means of studying membrane dynamics as the reo- 
rientational motions of the probe molecules take 
place on the timescale of the intrinsic fluorescence 
decay [ 1,3,4]. The fluorescent molecules 1,6- 
diphenyl-I ,3,Shexatriene (DPH) and its polar ana- 
logue trimethylamino-DPH (TMA-DPH) are often 
used in experiments. 

The main difficulty with such experiments is that 
the anisotropy decay function characterizing the reo- 
rientational motions cannot be obtained directly from 

the experimentally determined time-dependent sig- 
nals [ 1,351. The anisotropy has to be extracted 
numerically from the observed decays, usually with 
non-linear least-squares reiterative deconvolution 
techniques [ $61. This, however, can only be 
achieved by using a mathematical expression for the 
anisotropy decay which can be done in two ways. In 
a model-independent treatment, the time-dependent 
anisotropy is described as a multi-exponential decay 
with a rest anisotropy term [ 41. The problem with 
this type of analysis is relating the parameters 
obtained with physical processes. For this reason 
many workers prefer to analyze the experimental data 
in terms of physical models for the rotational motion 
of the probe molecules [ 1,3,7,8]. 

Here we report an analysis of the anisotropy decay 
of DPH and TMA-DPH molecules in vesicles of pal- 
mitoyl-oleoyl phosphatidylcholine (POPC) in terms 
of the rotational diffusion model that yields two dis- 
tinct solutions which are statistically equivalent. It is 
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shown that this ambiguity arises directly from the 
fact that the anisotropy decay is given by a sum over 
a number of orientational time-correlation functions 
[ 1,7,8], which cannot be uniquely resolved into 
individual contributions. 

2. Theoretical considerations 

The time-dependent polarized fluorescence inten- 
sities observed at time t after excitation with a CL 
function pulse of plane-polarized light at time t=O 
are given by [ 1,4,6-81 

Z,,(t)=fF(t)[l+2r(t)l , 

~~(0=4~(0[1--~(~)1, (1) 

where F(t) is the intrinsic fluorescence decay func- 
tion and r(t) is the anisotropy decay function. Here 
I,, and II respectively denote the intensities of light 
polarized parallel and perpendicular to the polari- 
zation direction of the exciting light. 

In the case of a molecule, such as DPH and 
TMA-DPH, which can be considered to possess an 
effective cylindrical symmetry and an absorption 
transition moment lying along the molecular sym- 
metry axis [ 1,3-91, the anisotropy decay can be 
written as a sum of three correlation functions Gk( t) 

[ L7,81. 

r(t)=I(0)[Go(t)+2GI(t)+2G2(t)l 

with 

(2) 

G,(t)=(D~(J20)D,!&0,)), k=O, 1,2. (3) 

Here DL, are Wigner rotation matrix elements 
[ 1, lo] and Q,, and Sz, denote respectively the ori- 
entation of the long molecular axis at time t = 0 and 
time t. The initial values of the correlation functions 
Gk( 0) are given by linear combinations of the order 
parameters ( Pz) = f ( 3 cos*p - 1) and ( P4) = 
i(35cos4j3--30cos2/3+3) [1,7,8]. 

The time behaviour of GJt) can be obtained 
numerically within the framework of the rotational 
diffusion model [ I,1 1 ] on specifying the orienting 
potential U(/3): 

U(8) =~~[~,P2(cos~)+~,P4(cosS)l, (4) 

where j3 is the angle between the long molecular axis 

and the normal to the local bilayer surface. PJcosj3) 
is the Legendre polynomial of order L. The pair of 
coefficients A2 and L, uniquely defines a pair of ( P2) 
and ( P4) values [ 12-141. Restriction of the poten- 
tial given by eq. (4) to the first term only yields the 
so-called Maier-Saupe potential. In general the cor- 
relation functions Gk( t) are given by a sum of expo- 
nential decays [ 1,111 

Gk(t)= f bk,exp(-ak,D,t), 
WI=0 

(5) 

where the amplitudes and decay rates bk, and cr”, are 
determined by A2 and A,. In many practical situa- 
tions, however, it is found that Gk(t) is essentially 
monoexponential [ 1,111, 

(6) 

where a’; is the smallest decay term of the numerical 
solution to eq. (5). 

3. Experimental 

3.1. Sample preparation 

The probe molecules DPH and TMA-DPH were 
purchased respectively from Fluka AG and Molec- 
ular Probes Inc. and used as received. Fresh stock 
solutions of the probes in ethanol (5 x 10 -’ M) were 
kept in darkness at 4” C. Cholesterol and POPC were 
purchased from Sigma Chemical Co. and used with- 
out further purification. The lipids were dissolved in 
a mixture of ethanol and freshly doubly distilled 
chloroform. Solutions of the probe molecules were 
added as necessary to give a 1ipid:probe molecular 
ratio of 25O:l. Non-labelled samples were also pre- 
pared for control experiments. After evaporating the 
solvent the lipids were dispersed in 6 ml of a buffer 
containing 2x lO-2 M Tris and 7.5x 1O-6 M EDTA 
at pH 8.0. Vesicles were formed by sonicating the 
aqueous dispersion in the dark under a nitrogen 
atmosphere. Any large liposome remnants were 
removed by centrifuging for 1 h at 150000 g. The final 
vesicle suspensions contained 1.3 f 0.2 mg lipid/ml 
buffer solution determined as described by Chen et 
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al. [ 15 1. These samples were kept in darkness at 4 ’ C 
for not more than a week prior to the experiments. 

3.2. Time-resolved measurements 

The time-resolved anisotropy decay measure- 
ments were carried out with the Synchrotron Radia- 
tion Source (SRS) in Daresbury, UK, operating in 
single-bunch mode. A standard single-photon count- 
ing system [ 51 was used. The start pulse was obtained 
from a ring pulse generated by the circulating 2 GeV 
electrons. The first photon detected by the PMT 
(Philips, XP202OQ) provided the stdp pulse for the 
time-to-pulse-height converter (TPHC, Ortec 457). 
The output pulses from the TPHC were digitized and 
stored in a multichannel analyzer (MCA, I/T Techno 
Inc. 5400) using 1024 channels for each recorded 
decay. The standard 90”~scattering geometry was 
used. The probes were excited at 358 rt 5 nm (Spex 
monochromator) and the fluorescence emission was 
passed through a GG 395 low cut-off filter (Schott) 
and a Balzers interference filter, 438 ? 7 nm, before 
incidence on the PMT. The excitation functions, 
needed for the numerical deconvolution procedures, 
were obtained from elastic scattering by vesicle sus- 
pensions at the emission wavelength. In all the 
experiments the count rates were kept below 1% of 
the excitation pulse repetition rate in order to avoid 
problems due to pile-up. The intrinsic fluorescence 
decay of the probes was measured under the same 
experimental conditions, setting the analyzer axis at 
54.7” with respect to the vertical, the direction of 
polarization of the exciting beam. The temperature 
was maintained at 20 f 2’ C throughout. 

3.3. Numerical analysis 

Non-linear least-squares reiterative deconvolution 
methods [ 51 were used in the analysis of the exper- 
imental decay curves. The least-squares optimiza- 
tion was carried out with the ZXSSQ routine from 
the IMSL library. This routine utilizes a Levenberg 
-Marquardt minimization algorithm. The decay 
curves I,, (t) and II (t) were analyzed simultaneously 

[51. 
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4. Results and discussion 

Analysis of the experiments performed at the magic 
angle indicated that the intrinsic fluorescence decay 
of both DPH and TMA-DPH in POPC vesicles with 
and without cholesterol can be described by a 
biexponential 

F(t)=a, exp(-t/z,)+azexp(-t/rz) (7) 

which requires the optimization of four parameters. 
Four parameters are also necessary to describe the 
time-dependent anisotropy r( t), eqs. (2)-( 6). Here 
r(O), D1, A2 and A4 enter as adjustable parameters. 
Fig. 1 shows an example of the simultaneous analysis 
of the experimentally determined intensity decays. 
Surprisingly, the analysis of the results for every sys- 
tem studied revealed the existence of two distinct 
reduced x2 minima. The minimum located in the 
numerical deconvolution procedure was found to be 
strongly dependent on the start values assigned to 
the four parameters describing r(t). The model 
parameters obtained in the analyses are summarized 
in table 1. Interestingly the errors for minimum II 
are larger than those for I. The double minimum is 
also found when the initial anisotropy r( 0) is in the 
range 0.40-0.38. In these cases significant higher 
x? values and worse autocorrelations of the residuals 
are found at the minima. It can be seen from table 
1 that both minima yield virtually the same intrinsic 
fluorescence decay, so that the effect can be ascribed 
wholly to the behaviour of the anisotropy decay. 
Indeed we see that the two solutions correspond to 
a completely different ordering of the probe mole- 
cules. This is illustrated in table 2 in terms of the 
order parameters ( P2) and ( P4). Solution II appears 
to yield similar order parameters to those expected 
from the “wobble-in-cone” model [ 3,7]. The small 
differences in the values of ( P2) obtained arise sim- 
ply because the weighted least-squares method con- 
serves the area under the measured curve [ 161, so 
that eq. (1) requires that JT F(t) r(t) dt be an exper- 
imental constant. 

In order to understand the role of the anisotropy 
decay function r(t) in the calculations, we have 
repeated the analysis in a systematic way by keeping 
the order parameters ( P2) and ( P4) constant dur- 
ing the deconvolution procedure. In these calcula- 
tions ( P2) was fixed at a value in the range found, 
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Fig. 1. Analysis of the time-resolved anisotropy for vesicles of POPC with cholesterol and TMA-DPH. The dots in (a) represent the 
experimental data while the continuous lines give the best simultaneous tit. The narrow excitation pulse of the synchrotron and the after 
pulse caused by the PMT are also shown. (b) The residuals for both components of the tit and (c) the autocorrelation functions of these 
residuals. 1 channel equals 80 ps. 

table 2, and the value of ( P4) was varied within its 
physically allowed range [ 12- 141. 

An example of the dependence of the minimal 
xt value of ( P4) is shown in fig. 2. All the systems 
studied exhibited this double-well behaviour. Inter- 
estingly, the solution yielding the highest x: value 
between the two wells is given by a ( P4) value which 
closely corresponds to the prediction of the 
Maier-Saupe potential. This finding indicates the 

inadequacies of this potential for the description of 
the reorientational motions of these probe mole- 
cules, in agreement with our earlier conclusions from 
steady-state studies of oriented multilayer systems 
[ 12,13 ] and from studies of vesicles of saturated lip- 
ids [ 6 1. The origin of this behaviour appears to lie 
in the fact that the anisotropy decay r(t), eq. (2)) is 
given by a sum over three correlation functions. Our 
calculations show that the same sum can be resolved 
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Table 1 

Recovered tit parameters for the x;’ minima 

POPC 

I DPH 1.134 0.17 

errors 0.005 

II DPH 1.142 0.17 

errors 0.005 

I TMA 1.464 0.36 

errors 0.005 

II TMA 1.469 0.35 

errors 0.005 

cholesterol added (25% by weight) 

I DPH 1.294 0.10 

errors 0.005 

II DPH 1.343 0.11 

errors 0.005 

I TMA 1.216 0.34 

errors 0.005 

II TMA 1.265 0.34 

errors 0.005 

4.13 0.83 

0.02 0.005 

4.20 0.83 

0.02 0.005 

1.40 0.64 

0.02 0.005 

1.36 0.65 

0.02 0.005 

4.99 

0.02 

0.90 

0.005 

5.44 0.89 

0.02 0.005 

2.44 

0.02 

2.50 

0.02 

0.66 

0.005 

0.66 

0.005 

9.15 0.30 

0.03 0.01 

9.14 0.30 

0.03 0.01 

4.45 0.32 

0;03 0.01 

4.43 0.31 

0.03 0.01 

9.99 0.29 

0.04 0.01 

10.01 0.28 

0.04 0.01 

6.66 0.33 

0.02 0.01 

6.65 0.31 

0.02 0.01 

-0.1 

0.1 

-2.2 

0.1 

-1.6 4.1 

0.2 1.0 

-1.2 

0.1 

-7.1 

2.0 

-2.1 

0.2 

4.2 

1.5 

-1.1 

0.1 

-6.2 

2.0 

- 1.6 

0.1 

- 12.2 

3.2 

-2.2 

0.2 

3.5 

1.5 

-2.7 

0.2 

4.6 

1.0 

0.107 

0.007 

0.125 

0.023 

0.089 

0.007 

0.072 

0.024 

0.116 

0.008 

0.071 

0.014 

0.118 

0.015 

0.048 

0.011 

8.73 

0.02 

8.72 

0.02 

4.00 

0.02 

3.99 

0.02 

9.73 

0.03 

9.73 

0.03 

5.99 

0.02 

5.99 

0.02 

Table 2 

Order parameters corresponding to the recovered values of & and I, given in table 1. Estimated errors in parentheses 

POPC 

(P2> (P4> 

Cholesterol added 

(Pz> <p4> 

I DPH 0.14 (0.03) 0.28 (0.01) 0.50 (0.03) 0.42 (0.02) 

II DPH 0.19 (0.03) -0.29 (0.04) 0.53 (0.12) -0.02 (0.15) 

I TMA-DPH 0.51 (0.03). 0.42 (0.02) 0.67 (0.07) 0.55 (0.07) 

II TMA-DPH 0.56 (0.10) 0.01 (0.12) 0.72 (0.08) 0.28 (0.16) 

into different contributions from the individual 
&?I_ f 

DPH <P2>=. 5Y 

functions Gk( t) for two distinct orienting potentials, 
and hence pairs of order parameters. This is illus- 
trated in fig. 3 where the experimental constant 
&“F( t) r(t) dt, and the contributions to it from the 
three correlation functions, are shown as a function 

i, 
; 

of the order parameter ( P4) on taking ( Pz) =0.5, 

and F(t), DI and r( 0) as given for TMA-DPH in 
POPC in table 1. 

P 2 I I I I I I 
-.50 -.25 0.00 .25 SO .75 1.00 

<PY> 

It is interesting to note that the minimum value 
found for this quantity corresponds closely to the 

Fig. 2. Minimal reduced ,$ values versus ( P4) for TMA-DpH 

in POPC vesicles. ( Pz) = 0.54. 
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Fig. 3. The total experimental _@ F(t) r(t) dt and the contribu- 
tions of the three correlation functions (eq. (2)) as a function of 
(P.+) with ( P2 > = 0.5 and F(t) from TMA-DPH in POPC ves- 
icles. D, = 0.100 ns- I. 

Maier-Saupe potential. Although at this point a 
unique decomposition is expected, we have shown 
above that the solution yields a maximum in the 
xz surface, fig. 2. 

The question now arises as to which minimum 
gives the more physically reasonable solution. It is 
important to note in this connection that the two 
solutions yield contra~cto~ answers as to the effect 
of the addition of cholesterol on the dynamics of the 
probe motion. In minimum I, table 1, an increase of 
DL is found, whereas a decrease is obtained for min- 

t THR-OPH 

- - <pZ>=.Sl <Pl(>=.L(2 
- - - - <P2>=. 56 SPY>=. 01 

Fig. 4. Orientational probability distribution functions j(B) 
reconstructed from the two sets of order parameters found for 
TMA-DPH in POPC vesicles. /? is the angle between the normal 
to the bilayer surface and the molecular symmetry axis of the 
probe. 

imum II which corresponds closely to the “wobble- 
in-cone” model [ 3,7]. Fig. 4 shows the orientational 
probability distribution functions [ 12- 141 obtained 
from the orienting potentials at the two minima. The 
distribution function with the higher (P4) value 
shows a marked preferential orientation of the long 
molecular axes along the normal to the local vesicle 
surface. The solution with the low (P4) values 
exhibits a collective molecular tilt. An alternative 
dist~bution for the latter case is provided by the 
“wobble-in-cone” model where a uniform distribu- 
tion over a range of angles is postulated. However, 
if the probe molecules interdigitate between the lipid 
chains and reflect their behaviour, then the low (Pa) 
solution cannot be reconciled with the results of other 
physical techniques [ 2,17 1, particularly X-ray dif- 
fraction [ 17, IS]. In marked contrast the other solu- 
tion does yield a physically reasonable picture of the 
dynamic structure of the bilayer [ 2,17,18 1. Further- 
more the distribution is in good agreement with the 
one obtained from angle-resolved anisotropy mea- 
surements on oriented bilayer systems [ 12,131 in 
which the individual contributions of the correlation 
functions Gk( t) can be resolved. 
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