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The rotational properties of two eosin-labelled fatty acids of different alkyi chain length have been studied in 
large multilamellar dimyristoylphosphatidylcholine vesicles. The location of the probes at the surface region 
were ascertained by quenching experiments using a hydrophilic divalent cation solubilized in the aqueous 
phase (Cu 2÷) and a hydrophobic aromatic aniline (N,N-dimethylaniline) associated with the lipid. Phos- 
phorescence anisotropy measurements reveal that above the phospholipid phase transition the polarization of 
eosin luminescence decays monoexponentially in the micro-to-millisecond time range, while below the phase 
transition a biexponential decay is observed. A model is proposed which attributes the time constants to two 
separate motions, discrete jumps or 'flipping' of the eosin moiety within restricted boundaries and long-axis 
rotation. The value of the time-independent term changes with probe position and temperature and reflects 
orientational constraints imposed by lipid-chromophore interactions. The implications of these results for the 
study of protein rotations in membranes are discussed. 

Introduction 

The rotational diffusion of proteins recon- 
stituted into membranes or as integral cell compo- 
nents occurs typically in the microsecond-to-milli- 
second time domain [1-4]. Phosphorescence ani- 
sotropy techniques, exploiting extrinsic lumines- 
cent probes, provide a suitable means of studying 
these motions as the triplet lifetimes of a number 
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of chromophores are in the same time region [5]. 
An important assumption underlying the method, 
however, is that independent motions of the probe 
which depolarize the emission can be excluded 
over the time range of protein rotation. This as- 
sumption is of particular importance in the case of 
eosin-labelled proteins, where multiple phos- 
phorescence lifetimes and rotational correlation 
times are often observed [6,7]. 

In order to address this problem specifically, 
and to obtain information on lipid dynamics and 
structure, the rotational motions of two eosin 
fatty-acid probes, 4-(N-dodecanoyl)amidoeosin 
and 4-(N-hexadecanoyl)amidoeosin (Scheme I, n 
= 11 and 15, respectively), were observed in large 
mult i lamellar  d imyris toylphosphat idylchol ine  
(DMPC) vesicles over a range of temperatures. 
The location of the probes in the bilayer was 
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Scheme I. Eosin-labelled fatty acids. 

assessed by quenching measurements using the 
water-soluble quencher Cu 2 + and the hydrophobic 
quencher, N,N-dimethylanihne. The phosphores- 
cence emission from the eosin chromophores de- 
polarized in the microsecond time domain to a 
constant residual anisotropy. A model is proposed 
in which the degree of the angular constraints of 
rotation is indicative of the extent to which the 
eosin moiety is buried in the bilayer. 

Materials and Methods 

4-(N-Dodecanoyl)amidoeoson (E12), 4-(N- 
hexadecanoyl)amidoeosin (E16) and eosin 5'-iso- 
thiocyanate (EITC) were purchased from Molecu- 
lar Probes. Incorporation of the former two probes 
into large multilamellar DMPC vesicles (Sigma) 
was achieved by adding 9 /~l of a 1 mg /ml  
methanol solution of probe to 15 mg of DMPC 
dissolved in 2 ml of a 2 : 1 mixture of ch loroform/  
methanol. In this manner, a lipid-to-probe ratio of 
2000:1 was obtained. The solvent was removed 
by rotary evaporation. Subsequently, 2 ml of a 10 
mM phosphate buffer (pH 7.0) was added and the 
flask was brought to 30°C and gently swirled. The 
resulting suspension was washed three times by 
centrifugation at 12500 x g in an Eppendorf ta- 
ble-top centrifuge (model 5412) for 1.5 rain, this 
being followed by careful removal of the clear 
supernatant with a pipette and resuspension of the 
vesicles in 2 ml buffer. The bright pink pellet seen 

after centrifugation established the incorporation 
of the probes into the multilayer structures. CuSO 4 
(Merck) and N,N-dimethylaniline (EGA, > 99% 
pure) were used as provided. 

Measurements of phosphorescence depolariza- 
tion were made with an instrument previously 
described [43,44]. The parallel, I, ,(t),  and per- 
pendicular, I x ( t )  components of emission were 
collected and arranged to generate the total time- 
dependent emission S(t )  = I , ( t )  + 21±( t )  and 
time-dependent anisotropy r( t)  = [Ill(t ) -- I± 
( t )] /S( t ) .  Decay profiles were then fitted by a 
least-squares iterative procedure with up to three 
exponential terms and a constant. The fits chosen 
to represent the data were decided by inspection 
of the residuals plots; if inclusion of additional 
terms did not improve the randomness of the 
residuals, the fit with less terms was maintained. 
Steady-state fluorescence intensities were mea- 
sured on an SLM 8000/8000S Spectrofluorimeter 
using an excitation wavelength of 520 nm and 
observing the emission at 600 nm. 

Quenching experiments with Cu 2+ and dimeth- 
ylaniline were carried out at 26°C and 22°C, 
respectively, by addition of small aliquots of the 
appropriate stock solutions: 10 mM phosphate 
buffer (pH 7.0) for Cu 2+ and methanol for di- 
methylaniline. In order to ensure incorporation of 
quencher into the aqueous phases of the multi- 
layered vesicles, the samples were repeatedly 
heated and cooled through the phase-transition 
temperature after each aliquot and finally allowed 
to equilibrate for 30 min. In the case of phos- 
phorescence lifetime measurements, oxygen was 
removed by passing a continuous stream of high 
purity argon gas (Messer Griesheim, 99.998% pure) 
over the solution in the cuvette while gently stir- 
ring with an overhead motor-driven propeller 
blade. The effects of light scattering were mini- 
mized by use of low vesicle concentrations, typi- 
cally 200/~M in DMPC. 

Estimation of size and extent of fatty-acid in- 
corporation into the multilamellar vesicles were 
assessed by viewing a labelled sample in a Zeiss 
Universal fluorescence microscope with a televi- 
sion camera. The relative fluorescence intensity in 
the vesicles and in the bulk aqueous phase was 
determined with the use of image analysis proce- 
dures. The vesicles were found to be fairly uni- 
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form in size and sphericity, with a diameter of 
5.8 + 0.6 /~m. No fluorescence could be detected 
from the aqueous phase, indicating negligible par- 
titioning of the eosin fatty acids from the lipid 
phase into the aqueous phase. 

Results 

C u  2 + quench ing  

Cu 2 + has previously been shown to quench the 
emission of a number of fluorescent probes in 
DMPC liposomes [8] and anionic surfactant 
micelles [9,10], as well as the phosphorescence of 
triplet probes [11,12]. In the former set of experi- 
ments, quenching efficiencies for a series of probes 
were interpreted in terms of chromophore loca- 
tion. A similar strategy was used here to assess the 
positions of the eosin fatty acids in the bilayer. 

Fig. la  shows the change in the total phos- 
phorescent emission of El6 in DMPC vesicles 
with added Cu 2÷ and Fig. lb  shows Stern-Volmer 
plots [13] under a number of conditions. Addition 
of quencher did not change the anisotropy char- 
acteristics. Phosphorescent lifetimes (~) were gen- 
erally adequately described by single exponential 
functions in buffer. However, higher-order fits 
were necessary when probes were examined in 
vesicles: in this case, average lifetimes ((~)--- 
E3_la,i, where a i are the fractional amplitudes) 
were used to generate the plots [14,15]. 
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A number of interesting points arise from the 
data presented. In buffer at 20°C, values of • for 
E l2  and El6  were 829 and 825 /~s, respectively, 
somewhat higher than 502 /~s for EITC. Upon 
incorporation into the vesicles, the average life- 
times increased to 1725 and 1081 /~s for El2 and 
El6, respectively, indicating the effects of differ- 
ent solubilization sites. This interpretation is sub- 
stantiated by consideration of the following fea- 
tures of Fig. lb.  First, the degree of quenching is 
similar for both probes in buffer. In DMPC, the 
El2  derivative is quenched more than the El6 
derivative. As the association of divalent cations 
to phosphatidylcholine is very weak [16], we might 
expect Cu 2÷ ions to locate mainly in the aqueous 
phase. Thus the eosin moiety of the El2  derivative 
is more accessible to Cu 2 ÷ ions associated with the 
l ip id /water  interface than El6. Recent phos- 
phorescence-quenching measurements indicate 
that erythrosin is also localized in the polar surface 
region of liposome membranes [17]. 

The second feature of Fig. lb  is an observed 
plateau as the concentration of quencher in- 
creases. In macrostructures, this could arise as the 
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Fig. 1. (a) Fitted phosphorescence emission profiles of E16 in DMPC vesicles with increasing Cu2+: at early times from top to 
bottom Cu 2+= 0, 10-5, 2.10 -5, 5 .10-5,  10-4 M. S(t) is the time-dependent total phosphorescence emission. (b) Stern-Volmer 
plots for the quenching by Cu 2+ of the phosphorescence lifetimes of El2 and El6 in buffer (O,  El) and DMPC vesicles (O, It), 
respectively, and EITC in buffer (A), at 26°C. The Stern-Volmer term ( T 0 / ~ -  1) of Eqn. 1 is explained in the text. Solid lines are 
drawn for clarity and are not the result of any fitting procedure. 
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result of: (i) a proportion of chromophores not 
being accessible to the quencher [18]; (ii) two 
populations of accessible chromophores [19]: (iii) 
the total concentration of quencher being used on 
the abscissa rather than the bound quencher [8]. 
However, since similar Stern-Volmer plots are ob- 
tained in buffer, these three explanations can not 
completely account for the data. The low probe 
concentrations used and the plateau effect for 
EITC rule out the possibility of micelle formation 
in the case of the fatty-acid probes. Instead, the 
data may be interpreted by consideration of the 
following process [14]: 

k d k i  
A*+Q ~- (A*...Q)~A+Q+ heat 

k -  d 

where A* and Q are the excited state chromo- 
phore and quencher, respectively, k d and k_ d are 
the diffusion-limited rate constants for formation 
and breakdown of an encounter  complex 
(A*. . .  Q), respectively, and k i is the rate constant 
for the non-radiative deactivation of the electroni- 
cally excited state in the encounter complex. The 
Stern-Volmer equation then becomes 

(~-o/~-) - ] = kq~'0 [Q ] (1) 

where ~0 is the phosphorescence lifetime in the 
absence of quencher (To= (%)  in the case of 
multiple exponential decay) and kq is the ap- 
parent rate constant for quenching equal to y k  a, 

where 

= k i / ( k  i + k_ d + 7o1+ kd [Q]) (2) 

Eqn. 2 predicts a value of 7 less than 1 when k i is 
of the same magnitude or is lower than the other 
rate constants, and plateauing of Stern-Volmer 
plots when kd[Q] is significant. As k_ d can be 
significantly lower than k d for excited state com- 
plexes [20], kd[Q] may become comparable t o  k i ,  

and kq is a function of [Q]. The quenching of 
triplet states by ions of the first transition series 
does involve the formation of a collision complex 
followed by an energy transfer process. The rate 
constants for this process are approximately 5 • 107 
M -1- s -1 [11], which is two orders of magnitude 
less than that expected for a diffusion controlled 
reaction. Initial slopes of the Stern-Volmer plots 

in buffer (Fig. lb)  also give rate constants of 
similar magnitude (k_ --- 108 M -1  • s - l ) .  Thus, it 
seems likely that Cu ~÷ quenching of the triplet 
states of eosin and its derivatives proceeds by an 
energy-transfer process involving charge-transfer 
complexes. 

D i m e t h y l a n i l i n e  quench ing  

Dimethylaniline is a hydrophobic molecule 
which shows a high affinity for the lipid phases of 
bilayer vesicles and surfactant micelles [21]. Its 
ability to quench membrane-associated lumo- 
phores is thus expected to be greater than that of 
Cu 2+. Indeed, comparable concentrations of di- 
methylaniline resulted in complete quenching of 
the phosphorescence emission of the two eosin 
fatty-acid probes on the microsecond time scale. 
As the fluorescence lifetime of eosin in a number 
of solvents is in the order of a few nanoseconds 
[22], it was envisaged that fluorescence-quenching 
measurements would be more appropriate. 

Fig. 2 shows the steady-state Stern-Volmer plots 
obtained. In contrast to the Cu 2 + quenching data, 
the quenching efficiency of El6 was greater than 
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Fig. 2. Stern-Volmer plots for the quenching of the steady-state 
fluorescence of E12 and E16 by DMA and DMPC vesicles at 
22°C. I 0 and I are the fluorescence intensities in the absence 
and presence of quencher, respectively. 



that of E12. If the fluorescence lifetimes of E12 
and E16 are proportional to the steady-state emis- 
sion intensities (approx. 1.4 : 1.0, respectively), the 
relative quenching efficiencies become more dis- 
parate. As dimethylaniline preferentially locates 
near the centre of the bilayer [8], the data infer 
that El2 locates closer to the bulk aqueous phase 
than El6, in agreement with the interpretation of 
the Cu2+-quenching measurements. The upward 
curvatures observed are probably, due to a signifi- 
cant contribution of static quenching [8-10]. 

Phosphorescence lifetime and anisotropy measure- 
ments in DMPC vesicles 

Having established the incorporation and rela- 
tive location of the two eosin fatty acids in the 
bilayer, the dependence of phosphorescent life- 
times and anisotropies on temperature were as- 
sessed. The decays of the total emission were best 
fit by a sum of three exponentials. Fig. 3 shows 
the dependence of <~-> as a function of tempera- 
ture. In both cases an abrupt decrease is observed 
as the temperature is raised through the upper 
transition temperature of the multilamellar DMPC 
vesicles (T  t = 23°C [23,24]). (Analogous correla- 
tions between average lifetimes and lipid structure 
have also been observed using the fluorescence 
characteristics of 1,6-diphenyl-l,3,5-hexatriene in 
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Fig. 3. The dependence of the average phosphorescent lifetimes 
(~-> of El2 and El6 in DMPC vesicles with temperature. 
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Fig. 4. Anisotropy profiles and lines of best fits (superimposed 
smooth curves) for El2 in DMPC vesicles at 10°C (upper 
curve) and 30°C (lower curve). See Table I and Fig. 5 for fitted 
parameters. 

membranes [25] and a series of n-(9-anthroyloxy) 
fatty acids in bilayer vesicles [26].) The emission 
properties of eosin are very sensitive to solvent 
composition, e.g., the phosphorescent lifetimes for 
E l2  in butanol and acetonitrile at 20°C were 486 
and 70/~s, respectively (data not shown). Thus the 
different lifetimes of the two probes in the vesicle, 
and the large dependence of ( r  > as the tempera- 
ture is raised, reflect different chromophore loca- 
tion and dynamic interactions with the bilayer. 

Typical anisotropy decays in DMPC vesicles 
are shown in Fig. 4. In buffer, the r( t)  profiles 
were centered about 0. Parameters describing the 
curves were obtained by fitting the profiles to an 
equation of the form 

2 

r ( t )  = ( r  o -- r~ )  E fli exp( -- tldPi) + r~ (3)  
i - 1  

where r 0 and roo are the initial and residual ani- 
sotropies, respectively, ~i are the rotational corre- 
lation times and fli are the corresponding frac- 
tional amplitudes. Table I lists the fitted ani- 
sotropy parameters obtained for El2  and El6, and 
Fig. 5 shows graphically the dependence of roo and 
rotational correlation times as a function of tem- 
perature. (Values of r 8 are given in Table I due to 
the uncertain effects on the photomultiplier gain 
recovery after gating of the high intensity prompt 
fluorescence at early times.) For both fatty-acid 
probes, anisotropy decays above T t were described 
by single exponential functions with correlation 
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T A B L E  I 

R O T A T I O N A L  C O R R E L A T I O N  P A R A M E T E R S  F O R  E l 2  A N D  E l 6  I N  M U L T I L A M E L L A R  D M P C  V E S I C L E S  AS A 

F U N C T I O N  O F  T E M P E R A T U R E  

Correlation times 0i are given in/~s and/~i are fractional amplitudes extrapolated to time zero. r s is the anisotropy at time t = 8/~s, 

explained in text. 

T e m p .  E12 E l 6  

( °C)  B1 01 B2 02 ~ r~ B1 01 B2 02 rs r~  

30 1.0 62 - - 0 .036 0 .030 1.0 50 - - 0 .036 0 .029 

28 1.0 48 - - 0 .038 0.032 1.0 57 - 0 .038 0 .032 

26 1.0 64 - - 0 .036 0 .030 1.0 68 - - 0 .036 0.031 

24 1.0 48 - - 0 .036 0 .030 1.0 47 - 0 .038 0 .032 

22 0.77 34 0.23 364 0 .039 0.031 0.46 19 0.54 124 0 .052 0 .037 

20 0 .69 30 0.31 392 0.043 0 .032 0.49 34 0.51 211 0 .050 0 .037 

10 0.55 17 0.45 265 0 .049 0 .039 0.75 16 0.25 128 0 .062 0.051 

2 0.76 19 0 .24 283 0 .054 0 .042 

times, @, of about 55 /~s, while two exponentials 
(~1, ~2) were necessary below T t, where ~] < ~ < 
e~ 2. Addition of Cu 2+ did not change the fitted 
anisotropy parameters listed in Table I. 

Discussion 

Luminescence studies of  fluorescent probes in- 
corporated in bilayers have reported rotational 
motions  in the nanosecond time domain, reflect- 

ing the diffusive properties of  lipid molecules. The 
microsecond rotations observed here are, we be- 
lieve, to be the first of  their kind in this time 
domain. In order to interpret the data, two trivial 
sources of long relaxation times warrant consider- 
ation, namely, vesicle rotation and lateral diffu- 
sion of the eosin chromophore around the surface 
of the vesicle. In the former case, a vesicle with a 
radius of  about 2 .9 .10  -6 m would have a rota- 
tional correlation time in the vicinity of  30 s, thus 
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Fig.  5. T h e  dependence of (a) the residual anisotropy (r~),  and (b) the rotational correlation times (0) ,  for E12 (open symbols) and 
E l 6  (filled symbols) in DMPC vesicles as a function of temperature. Above Tt, the correlation times observed were attributed to 
discrete jumps of the probes (D), while below T t second components appeared which were attributed to long-axis rotation (/,).  (See 
Discussion for details of data interpretation.) 



providing a negligible contribution to the ani- 
sotropy decay. With respect to latteral diffusion, it 
has been shown that, in the absence of other 
depolarizing motions, a probe located on the 
surface of a spherical vesicle would have to move 
across a 40 ° arc for r(t) to decay to 1 / e  of its 
original value [27,28]. This corresponds to a mean 
displacement of about 2 -10  - 6  m .  Assuming a 
lateral diffusion coefficient of the fatty acid of 
between 4 . 1 0  -11 and 1 • 10 -7 cm 2. s -1 [29], the 
time required for such a displacement can be 
obtained by substitution into Fick's law; this gives 
t---0.1 s to 250 s, respectively, again outside the 
time range in this study. 

A further possibility exists with respect to lateral 
diffusion. Here, the fatty acids can be envisaged as 
diffusing laterally around the perimeter of con- 
volutions in the vesicle surface. As a first ap- 
proximation, these surfaces are assumed to consist 
of a series of semispherical 'hills and valleys' with 
an average radius of curvature for each of ( r ) .  
From fluorescence recovery after photobleaching 
experiments [29], the lateral diffusion coefficient 
in DMPC multibilayers of a probe similar to the 
fatty-acid derivatives used in this study (5-(hexa- 
decanoylamino)fluorescein), was determined as 
D = 1 0 - T c m  2 .  s - 1  at 33°C. Substitution of D and 
4 = 55 /~s for the fatty-acid probes above T t into 
Fick's law gives a mean displacement of X = 470 

around the convoluted surface for the eosin 
chromophores. This value corresponds to (r)---  
670 ,~; the multilamellar vesicles used here have a 
radius of 58000 A. For comparison, a sonicated 
unilamellar vesicle exhibits a typical radius of 100 
,~ [30]. At T ~  3°C, the lateral diffusion for the 
fluorescein analogue displays one component with 
D = 4 . 1 0  -~1 cm 2- s -1 [29]. Substitution of this 
value and 41 = 19/~s or 42 = 283 /~s for the El2 
derivative at T = 2°C into Fick's law, gives X = 6 
• ~ and 21 ,~, respectively, corresponding to ( r )  = 9 
,~ and 30 ,~. As a single phospholipid in a bilayer 
occupies an area of approx. 60 .~2 [31], the above 
values of X and ( r )  are physically unrealistic. 
Hence, although the results above T t are compati- 
ble with the notion of convoluted surfaces, the 
data below T t rule out the possibility as a means 
of explaining the microsecond correlation times. 

Single and double exponential decays are ob- 
served above and below Tt, respectively. An anal- 
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ogy can be drawn to the r(t) curves that have 
been observed on the nanosecond time-scale for 
diphenylhexatriene [32-34] and a series of fatty 
acids [28] in DMPC vesicles. In the latter study, 
the results below T t were interpreted in terms of 
microheterogeneity of solubilization sites. That is, 
values of 4~ and 42 correspond to the rotational 
motions of two separate populations of fluoro- 
phores, while values of fll and/32 represented the 
fractional contributions of each population, re- 
spectively. Both 41 and 42 were larger than the 
single value of 4 above T t. In contrast, the results 
presented here show that 41 < 4 < 42. 

With the above factors in mind, we propose a 
model that incorporates the following experimen- 
tal results: (1) the microsecond rotational correla- 
tion times: (2) the change in the number of ex- 
ponentials required to fit the anisotropy data above 
and below Tt: (3) the independence of the ani- 
sotropy characteristics with added Cu 2+, indicat- 
ing the uncoupled nature of S(t) with r( t) :  (4) the 
difference in values of r~ between the two probes: 
(5) the low values of r at early times (i.e., r8) as 
compared to that expected for an immobilized 
eosin chromophore. 

To begin, we refer to a recent electron spin 
resonance (ESR) study on molecular motions in 
phospholipid bilayers using fatty-acid spin labels 
[35]. In that study rotational correlation times of 
60 to 100 /~s were calculated for a phospholipid 
spin-label incorporated into DMPC bilayers be- 
tween 5 and 15°C, and were attributed to long-axis 
rotation of the lipid molecules. Above T t, correla- 
tion times in the order of nanoseconds were ob- 
served. In the light of these results, we consider 
that the shorter correlation times (41) primarily 
reflect long-axis rotation of the probe below T t. 
(These motions are not seen above T t, as our 
phosphorescence spectrometer cannot measure 
emission processes in the submicrosecond range.) 
The slightly lower values of 41 compared with 
those obtained from the ESR studies probably 
reflect different chromophore size, structure and 
probe-lipid interaction. The longer correlation 
times below T t (42) and the single correlation time 
above T t arise from discrete jumps or 'flipping' 
motions of the aromatic chromophore on the 
surface of the bilayer. The sharp decrease in corre- 
lation time observed as the temperature is raised 
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through the phase transition (Fig. 5b) is typical of 
dynamic measurements of probes in lipid bilayers 
[8,24,25,32-35]. The nature of the 'flipping' mo- 
tion will be discussed after further examination of 
the anisotropy data. 

A number of theoretical approaches have shown 
that the persistence of a nonzero anisotropy in 
membranes is indicative of hindered rotational 
motions of the chromophore [36-39]. That is, 
values of the ratio r~ / r  o provide information on 
the or ientat ional  constraints  imposed by 
neighbouring molecules. Generally, larger values 
of r~ / r  o indicate greater constraints and narrower 
angular excursions of the probe [39]. Experimen- 
tally, values of r 0 may be determined by immobi- 
lizing the luminescent molecule either in glycerol 
at low temperatures or in polymer matrices such 
as polymethylmethacrylate. This procedure is of 
particular importance in phosphorescence ani- 
sotropy measurements as rotations in the submi- 
crosecond time domain reduce initial observed 
anisotropies. The long-lived excited states of tri- 
plet probes allow accurate estimations of r~, espe- 
cially when lifetimes are much greater than corre- 
lation times. 

In order to interpret the anisotropy data shown 
in Fig. 5 the fundamental anisotropy, r 0, is as- 
sumed to be the same for the two probes over the 
temperature range studied. Our instrument gave 
r 0 = 0.2 for eosin in polymethylmethacrylate that 
was invariant with temperature (data not shown). 
Values of r 8 then reflect initial depolarizations 
brought about by rotational motions within the 8 
/~s deadtime of the instrument, e.g., long-axis rota- 
tion, although other processes must also contrib- 
ute since depolarizations occur below T t. Fig. 6 is 
a diagrammatic representation of the proposed 
locations of the probes in the bilayer. The eosin 
moiety of the El2 derivative is more removed 
from the ordered head-group region than in the 
case of the El6 derivative, allowing greater free- 
dom of rotation. The deeper burial of the El6 
derivative is expected due to the greater hydro- 
phobicity of longer alkyl chains [40]. Above Tt, 
discrete jumps or flipping within limited 
boundaries occur, with rotational correlation times 
in the order of 55 #s for both probes. As the 
temperature is lowered below Tt, large increases in 
the correlation times occur. Simultaneously, a 

Fig. 6. Idealized schematic representation of the orientations of 
El2 (left) and El6 (right) in multilamellar DMPC vesicles. The 
oblong structures above the nitrogen atoms represent the eosin 
moiety. The solid and broken lines indicate the geometric 
boundaries of the restricted eosin rotation. Although the carbon 
chains for both eosin fatty acids are not drawn accurately to 
scale, El6 is shown as being longer than the El2. The interdig- 
itation of the El6 chain with the opposing monolayer is a 
consequence of the representation; it has not been addressed 
experimentally in this work. 

hitherto undetected second correlation time (~1) is 
resolved, the aforementioned long-axis rotation. 
The steady increase in values of r~ with decreas- 
ing temperature (Fig. 5a) reflects the smaller angu- 
lar excursions of the chromophore. This is cer- 
tainly, in part, due to lipid chain ordering [41], 
although changes in probe location (e.g., solubili- 
zation further into the bilayer) may be a contrib- 
uting factor. 

In conclusion, the appearance of correlation 
times in the microsecond time range for both 
eosin fatty acid probes, above (~) and below (~1 
and ~2) the phase transition temperature, suggest 
rather 'long-lived' lipid head-group-eosin chro- 
mophore interactions. In accord with the model 
discussed above, the eosin can be seen as associat- 
ing with one or more lipid head groups at the 
periphery of its motion. If the association step is 
diffusion-controlled (i.e., kdiff > 10 9 M -1  • s - l )  

then the residence time (the reciprocal of the 
dissociation rate) defines the slow correlation times 
associated with the flipping motions. Regardless 
of the model chosen, the microsecond times ob- 
served in these experiments have significant impli- 
cations in the interpretation of time-dependent 
anisotropy experiments of membrane proteins 
labelled with extrinsic triplet probes, measure- 
ments which also view motions in the microsecond 
time range. It is clear that under certain cir- 
cumstances significant interaction between the 
chromophore and the lipid matrix will occur. As 
has been previously pointed out [42], this situation 



may be advantageous  when in format ion  on the 

mobi l i ty  of m e m b r a n e  componen ts  is desired. 
However, in cases where knowledge of the rota- 
t ional  mot ion  of a labelled protein  incorporated in 

a m e m b r a n e  is sought, such interact ions can yield 
data  which are misleading. This problem may be 

c i rcumvented by labell ing of specific protected 
sites. For  example, in a recent study, the galacto- 

s ide-binding site in the lactose permease mem- 
b rane  protein of Escherichia coli was labelled with 

a fluorescent probe,  shown to be located within 
the molecule [15]. That  is, the b ind ing  site was 
inside the protein  with respect to the lipid phase 

and  with respect to the aqueous phase, ensur ing 
that  correlat ion times observed are not  due to 

p robe -membrane  interactions.  Such labell ing of 

the lactose permease with eosin and locat ion of 

the probe inside the protein  have also been per- 

formed. The phosphorescence anisotropy char- 
acteristics have been examined in this laboratory 
by one of us (A.F.C.), in col laborat ion with K. 

Dormai r  and  F. J~ihnig, and will be reported 

elsewhere. 
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