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Summary 

The synthesis and properties of a set of four fluorescent probes (n-(g-an- 
throyloxy) fatty acids, n = 2, 6, 9, 12) sensitive to the fluidity gradient of the 
lipid bilayer are described. Flurorescent quenching experiments show that the 
probes locate at a graded series of depths in the bilayer. A fifth probe, methyl- 
9-anthroate, locates near the bilayer centre. As an example of their application, 
the probes are used to study the phase transitions of dipalmitoyl phosphatidyl- 
choline. Changes in the rotational relaxation times of the probes across the 
transitions are more pronounced at the centre of the bilayer than at the sur- 
face. 

Introduction 

The acyl chains of phospholipid molecules in a lipid bilayer undergo aniso- 
tropic motion about an axis perpendicular to the membrane surface [l]. The 
rate and amplitude of this motion increases as the terminal methyl group of the 
chain is approached. The term membrane fluidity encompasses the concept of 
packing as determined by the average configuration of the acyl chain, as well 
as the concept of motion as determined by the rate of movement of the acyl 
chains. Non-perturbing techniques such as ‘H NMR and 13C NMR have pro- 
vided valuable information on the amplitude and rate of motion of the acyl 
chains in model membrane systems [ 2,3] ; however, their application to natural 
membranes is restricted because of a lack of sensitivity or because of the com- 
plexity of the spectra involved. In natural membranes the use of spectroscopic 

Abbreviations: 2-AP, 2N9-anthroyloxy) palmitic acid: 6-AS. 6-(9-anthroyloxy) stearic acid; g-AS. 9-(9-m- 
throylloxy) stearic acid: 12-AS, 12-(9-anthroyloxy) stearic acid; M-9-A. methyl-9-anthroate, A-9-C. 
anthracene-g-carboxylic acid. 
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probes has been more rewarding although they also suffer certain disadvan- 
tages. For example, nitroxyl-labelled fatty acids have proved useful ESR probes 
[4] but their usefulness is restricted because their time-dependent reduction in 
natural membrane systems sometimes requires the presence of an oxidizing 
agent [5]. 

Fluorescent probes couple great sensitivity with benefits which may accrue 
from studies of polarization, quenching and energy transfer reactions [6,7]. 
However, fluorescent probes such as 1-anilino-8-naphtalene sulfonate and 
diphenylhexatriene have the disadvantage that their position in the bilayer is 
not known with certainty. Indeed, any change in the fluorescent characteristics 
of these probes in membranes may indicate either a change in probe position or 
a genuine change in bilayer structure [8]. Our approach to this problem has 
been to synthesize a series of fluorescent fatty acids in which an anthracene 
group has been attached by an ester linkage to various positions along the acyl 
chain. Two such derivatives have been reported previously, namely 2-(9-an- 
throyloxy) palmitic acid (2-AP) and 12-(9-anthroyloxy) stearic acid (12-AS) 
[9,10]. We have now added two more probes to this series (6-AS and 9-AS) and 
have used a molecule containing the same fluorophore, namely, methyl-9- 
anthroate (M-9-A) to probe the environment at the centre of the bilayer. In a 
previous communication we have reported the fluidity gradient as determined 
by this set of five probes and have shown that the results agree with those ob- 
tained by a non-perturbing technique such as deuterium NMR [ 11]. 

We now discuss the fluorescent characteristics of these probes and show that 
they report the environment at a graded series of depths from the surface to 
the centre of the bilayer. 

Materials and Methods 

12-Hydroxystearic acid and 2-hydroxypalmitic acid were purchased from 
Koch-Light Labs. and the 6- and 9-hydroxystearic acids were obtained from 
Nu-Chek Prep. Inc. Anthracene-9-carboxylic acid (A-9-C) and grifluoroacetic 
anhydride came from the Aldrich Chemical Co. Inc. Solvents used in the syn- 
theses were analytical grade, and spectroscopic work employed spectroscopic 
grade n-hexane and methanol. Phospholipids were purchased from Koch-Light 
Labs. (dipalmitoyl phosphatidylcholine) and Lipid Products (egg phosphatidyl- 
choline). Dimyristoyl phosphatidylcholine was synthesized by the method of 
Robles and van den Berg [12]. All phospholipids moved as a single spot on 
thin-layer chromatography. 

Preparation of liposomes. The phospholipid was dried as a film on the walls 
of a 25 ml conical flask and placed under vacuum overnight. Glass distilled 
water (20 ml) was added to give a lipid concentration of 0.5 mM. For quench- 
ing experiments, the dimyristoyl phosphatidylcholine dispersion was sonicated 
for 4 min under N2 and the liposomes were annealed at 30°C for 30 min before 
the addition of probe [13]. Multilayered dipalmitoyl phosphatidylcholine lipo- 
somes for the phase transition experiments were prepared by heating the sus- 
pension to 45°C for 2 min followed by vortexing for 1 min in the presence 
of glass beads. The heating and vortexing cycle (1 min each) was repeated five 
times. Dispersions were maintained below the phase transition temperature for 
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at least 2 h prior to use. Probes were added in a small volume of methanol  
(10 pl) and uptake was complete  within 2 h as judged by fluorescence intensity 
and polarization measurements.  Binding experiments indicated that  at the 
probe to phospholipid rates employed ( 1 : 4 0 0 )  all was bound to the lipid 
phase. The pH of  dispersions was within the range 6.80--6.90.  

F l u o r e s c e n c e .  Steady-state fluorescence measurements were made with a 
Hitachi-Perkin-Elmer MPF3 spectrof luorometer  equipped with a thermostated 
cell block and polarization accessory. For polarization measurements the inten- 
sities of  the horizontal and vertical components  of  the emit ted light (Iii and /1 )  
were corrected for the contr ibut ion of  scattered light determined indepen- 
dent ly  for an unlaballed reference solution of  the same composit ion.  Thus: 

( I , ,  - -  I~1 ) - -  G ( I ,  - -  I s) 

P = (II. - -  I~) + V ( I ,  - -  I s) (1) 

where p is the polarization and G the grating correction factor. 
Phase transitions were measured with an instrument constructed in this 

laboratory and based on the design of  Bashford et-al. [9].  Light from a 150 W 
xenon arc was passed through a calibrated grating monochromator  (Metrospec) 
and the emit ted light was isolated with interference filters (460 nm, band width 
at half maximal transmittance 60 nm). The intensities of  IiI a n d / 1  were mea- 
sured simultaneously by two matched photomultipliers (EMI 5914A) placed 
either side of  the cuvette. The photomult ipl ier  response was linear within the 
range of  intensities measured, and the matching of  the photomultipliers was 
checked by  measuring the signals as a function of  the monochromator  slit 
width. The ou tpu t  signals were automatically corrected for the scatter con- 
t r ibut ion with backoff  potent iometers  adjusted for an unlabelled suspension of  
the same composit ion.  Signals were processed in an analogue circuit to provide 
a direct readout  of  polarization and intensity (= Tll + 2/1) these being recorded 
as a funct ion of  temperature on two X-Y recorders. Temperature was read by a 
temperature transducer (National LX5600)  placed above the light path in the 
cuvette. The three ou tpu t  signals (p, I and temperature) were also recorded on 
paper tape using a data logging system. Rotational relaxation times (p) were 
calculated according to the Perrin equation [ 14] for isotropic rotation: 

where P0 is the limiting polarization in the absence of  rotational mot ion  and T 
is the average lifetime of  the excited state. Values of  P0 were obtained from 
Perrin plots of data  for the temperature dependence in glycerol solutions [15].  
Eqn. 2 provides values of  an apparent rotational relaxation time since the rota- 
tional mot ion of  the f luorophore in the bilayer is unlikely to be isotropic. Simi- 
larly, we have not  converted data to values of microviscosity due to the diffi- 
culties of  choosing suitable viscosity standards and the assumptions involved 
in making this transformation [ 16 ]. 

Quantum yields were determined by the method of  Parker and Ress [17] 
using quinine sulphate as the standard. Absorbances were maintained below 
0.08 to avoid concentrat ion quenching, and samples in methanol  were purged 
with high puri ty nitrogen to avoid oxygen quenching. Spectra were not  cor- 
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rected for lamp and photomultipl ier  variation with wavelength and the 
quantum yields reported can only be used for internal comparison. 

Quenching experiments with Cu(II) were carried out  at 20°C as follows. A 
cuvette containing 0.5 mM dimyristoyl  phosphatidylcholine liposomes with 
5 pM probe was titrated with 5 pl aliquots of CuSO4 (1.24 mM). The quenching 
showed little time dependency.  All intensities were corrected for dilution aI:d 
light scatter. Quenching experiments with N,N-dimethylaniline were carried out  
in a similar manner. Quenching with 16-nitroxide stearate showed time depen- 
dency,  and intensities were read when they had levelled off  1 h after addition 
of each aliquot of  quencher. 

Lifetime measurements were made with an Ortec nanosecond spectrometer.  
A combinat ion of 400 and 420 nm cutof f  filters effectively prevented scattered 
light from reaching the photon  counter.  Neutral density filters were used to 
avoid pulse build-up by ensuring that less than 2% of total lamp pulses resulted 
in counted pulses. The performance of  the instrument was checked against a 
standard of quinine sulphate. Results were deconvoluted as single exponen- 
tials using a nonlinear least squares fitting program devised by Mr. 1%. Robbins. 

Absorpt ion spectra were measured at 20°C with a Cary 17 spectrophotom- 
eter. Infrared spectra were measured with a Perkin-Elmer 457 grating infrared 
spect rophotometer  using KBr discs for samples dried in vacuo for 30 h. 

Preparation of fluorescence probes. Probes were synthesized according to the 
method  of Lenard et al. [18] using the appropriate hydroxy  fat ty  acid and 
trifluoroacetic anhydride-activated A-9-C. The purity of  the hydroxy  fat ty  
acids and the positions of  the hydroxyl  groups along the acyl chain was verified 
by 13C NMR using a combinat ion of chemical shift and longitudinal relaxation 
time (T1) measurements and mass spectroscopy (Johns et al., in preparation). 
M-9-A was synthesized and purified by the method of  Parish and Stock [19].  
The fluorescent fa t ty  acids were purified by preparative thin-layer chromatog- 
raphy on Kieselgel G Type 60 plates. The 6-, 9- and 12-AS derivatives were 
separated from reaction by-products  and unreacted A-9-C using a solvent of  
hexane/chloroform/methanol  (5 : 5 : 1, v/v). For 2-AP the solvent was chloro- 
form/methanol /water  (25 : 10 : 1, v/v). The band containing the probe was 
scraped off,  eluted with acetone or chloroform/methanol  (1 : 1, v/v), concen- 
trated and recrystallized from n-hexane at 0°C as a white solid. Samples were 
stored in vacuo in the dark. Purity was checked by thin-layer chromatography 
on precoated plates (Merck, Kieselgel 60F 254) in both the above solvent sys- 
tems using ultraviolet light to visualize the fluorescent species and iodine 
vapour to check for non-fluorescent contaminants.  

Theory 

The quenching of  an excited f luorophore in free solution is expected to fol- 
low the Stern-Volmer [20] equation 

(3) 

where I and I0 are the fluorescence intensities in the presence and absence of  
quencher,  hq is the Stern-Volmer quenching constant  and [Q] is the concen- 
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tration of  quencher. In this s tudy we shall consider the quenching of  the 
anthracene f luorophore situated in the lipid phase. Thus for a quenching 
molecule which either partitions into or binds to pre-existing sites in the lipid 
bilayer, the value of  [Q] required may be taken to the first approximation as 
the concentrat ion of  Q in the lipid phase. 

Partition. The distribution of  a quenching molecule between aqueous (A) 
and lipid (L) phases may be described by a partition coefficient Kp = 
[QL ] / [QA].  Thus the Stern-Volmer equation becomes 

(~)- -  I = kqTKp[QA] (4) 

Since [QL] and [QA] axe linear functions of  the concentration of  quencher in 
the total volume VT = (VA + VL), Stern-Volmer plots of  (Io/I)-- 1 versus [QT] 
remain linear. Since 

VT[QT] = VA[QA] + VL[QL] (5) 

Eqn. 4 becomes 

(~) --1 hqTKpVT[QT] 
= VA + VvK~ (6) 

Thus, when [QT] ~ used on the abscissa of  the Stern-Volmer plot  instead of  
[QL] the slope is given by  kqTKpVT/(VA + VLKp). 

Binding. When a quencher binds to equivalent and non-interacting sites on a 
lipid membrane according to the reaction, LQ/_, + Q ~ LQ/ ( i  = 1, 2 . . . .  , q), the 
amount  bound is described by the binding equation [21]:  

[QL] = [QT] -- [QA] = qKA [LT][Qk] 
1 + KA[Qk] (7) 

where K A is the intrinsic association constant,  [LT] is the total concentrat ion 
of  lipid and the primed symbols [Qk] and [Q~] refer to concentrations of  
quencher relative to the total volume. The use of  [Qk] and [Q~.] rather than 
the concentrations in each phase [QA] and [QL]) is valid when VA > >  VL. The 
concentrat ion of  quencher in the lipid phase is now 

' V, [QL] - [QL] T _ VTqKA[LT][QrA] (8) 
Vb VL(1 + KA[Q~] ) 

and the Stern-Volmer equation becomes 

(~.) VTI'CqTqKA [LT][ QA ] (9) 
-- 1 = VL(1 +KA[Q~,]) 

Eqns. 8 and 9 have two important  consequences which are demonstrated in the 
simulated example depicted in Fig. 1. Firstly, the concentrat ion of  quencher in 
the lipid phase can be very much higher than the concentrat ion of  quencher in 
the total volume with the consequence that  the quenching efficiency can be 
appreciable at very low quenching concentrations (Fig. 1; upper  and lower 
abscissa scales). Secondly when [QT] is used on the abscissa of  the Stern- 
Volmer plot  instead of [QL] or [Q~], the plot  becomes non-linear. At  high 
values of  [QT], binding sites become saturated and further increases in [QT] do 
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Fig .  1. S i m u l a t e d  S t e r n - V o l m e r  p l o t s  re su l t ing  f r o m  the  b i n d i n g  o f  a q u e n c h e r  to  an  a c c e p t o r  p r o x i m a l  to  
a f l u o r o p h o r e  in or o n  a m e m b r a n e .  S y m b o l s  are d e f i n e d  in  the  t e x t  (see  T h e o r y ) .  V a l u e s  o f  t h e  c o n s t a n t s  

u s e d  in the  s i m u l a t i o n  w e r e  as f o l l o w s :  [L  T]  = 5 0 D M ,  q = 0 . 5 ,  K A =  1 - 1 0 6  M -1 ,  /~q= 1 . 1 0 8  M -1 - 

s -1 , r = 10 .5  ns .  V T w a s  c a l c u l a t e d  f r o m  t h e  partial  spec i f i c  v o l u m e  (0 .984  m l / g )  and t h e  m o l e c u l a r  

w e i g h t  ( 7 7 0 )  o f  t h e  p h o s p h o l i p i d .  

not increase quenching. At  low values of  [QT], [QL] ~ [QT] and thus limiting 
slopes in this region are similar and approach VTkqr/VL. In, double reciprocal 
form Eqn. 9 is 

_ _ _ _  VL I VL 1 + (10) 
Io--I VTkqTq[LT]KA [Qk] VwkqTq[Lw] 
Thus, the double reciprocal plot  (I/(Io--I) versus 1 / [Qk])  is linear, and KA = 
intercept/slope. 

Results 

Characterization of fluorescent probes 
Preparation. Successive recrystallization of  the n-(-anthroyloxy) fatty acids 

from n-hexane failed to remove traces of  the major contaminant,  A-9-C. Thin- 
layer chromatography fol lowed by recrystaUization proved a superior purifica- 
tion procedure. The R F values were similar for 6-, 9- and 12-AS but a lower 
value was obtained for 2-AP (Table I). 

T A B L E  I 

R F V A L U E S  O F  F L U O R E S C E N T  P R O B E S  

S o l v e n t  2 - A P  6 - A S  9 - A S  1 2 - A S  M - 9 - A  A-9-C 

A * 0 . 2 1  0 . 5 0  0 . 5 0  0 . 5 0  0 . 7 3  0 . 0 5  
B **  0 . 6 3  0 . 8 2  0 . 8 2  0 . 8 2  0 . 8 7  0 . 2 9  

* H e x a n e / c h l o r o f o r m / m e t h a n o l  (5  : 5 : 1 ,  v /v ) .  
** C h l o r o f o r m / m e t h a n o l / w a t e r  ( 2 5  : 10 : 1, v /v) .  
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T A B L E  II  

T H E  D I S T I N G U I S H I N G  I N F R A R E D  S T R E T C H I N G  F R E Q U E N C I E S  OF F L U O R E S C E N T  F A T T Y  
A C I D S  A N D  O F  M A T E R I A L S  U S E D  IN T H E I R  S Y N T H E S I S  

SPecies Carbonyl  Aromat ic  Aliphatic  
7(C = O) 7(C - -  H) 7(C - -  H)  
(cm-Z) (cm-Z) (cm-l) 

A-9-C 1680  3 0 5 0  
M-9-A 1730  3050  
12-Hydroxystearic acid 1700 -- 

12-AS 1 7 1 2  3 0 5 0  
2-Hydroxypalmit ic  acid 1 7 4 5  -- 

2-AP 1710  3 0 5 0  

2 8 5 0 , 2 8 7 5 , 2 9 2 0 , 2 9 6 0  

Infrared specta. The infrared characteristics of 6-, 9- and 12-AS were similar 
at least in major distinguishing features (Table II). The acyl ester and the 
aliphatic carboxylic acid carbonyl stretching frequencies were not resolved. 
However, the single band 1712 cm -1 was intermediate between that found for 
12-hydroxystearic acid (1700 cm -1) and M-9-A (1730 cm -1) (Table II, 
column 1). Esterification of the carboxylic group in M-9-A shifted the carbonyl 
frequency from 1680 to 1730 cm -~ as expected. The appearance of the aro- 
matic C-H stretching mode with the fatty acid aliphatic C-H stretching fre- 
quency confirms the linkage of the fluorophore to the fatty acid {Table II). 

The 2-hydroxypalmitic acid and 2-AP spectra were more complex possibly 
due to interactions between hydroxyl and carboxyl, and ester and carboxyl 
groups, respectively. The high carbonyl frequency would be expected for a 
secondary alcohol with an electronegative group in the s-position, and esterifi- 
cation would explain the observed decrease in frequency compared to other 
probes. The appearance of aromatic and aliphatic C-H frequencies again con- 
firmed the linkage between the fluorophore and the palmitoyl chain. 

Absorption and fluorescence spectra. (Figs. 2 and 3). Both spectra provide 
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Fig .  3 .  U n c o r r e c t e d  f l u o r o r e s c e n c e  e m i s s i o n  s p e c t r a  o f  1 2 - A S  ( ), a n t h r a c e n e - 9 - c a r b o x y l i c  ac id  

( - - - - - - )  a n d  a n t h r a c e n e  ( . . . . . .  ) i n  m e t h a n o l  a t  2 0 ° C .  E x c i t a t i o n  was  a t  3 6 5  n m  a n d  e x c i t a t i o n  a n d  
e m i s s i o n  s l i t  w i d t h s  w e r e  1 0  a n d  5 n m ,  r e s p e c t i v e l y .  

useful criteria of  purity. The absorption spectrum of A-9-C is blue shifted on 
esterification to the same extent for all probes. The spectrum of  anthracene is 
blue shifted to a far greater extent. Small amounts of  either impurity would be 
evident as shoulders on the respective peaks, and no such shoulders were ob- 
served for the probes purified as described above. The emission spectra of  the 
fluorescent fatty acids in methanol consist of  a broad structureless band in 
contrast to that for anthracene and A-9-C which show distinct structure 
(Fig. 3). 

Table III summarizes the spectral properties of the probes. Within experi- 
mental error, all have the same limiting polarization (P0 = 0.29 + 0.008).  The 
Perrin plots for the fatty acid probes in glycerol were superimposable, whereas 
that for methyl-9-anthroate had a significantly steeper gradient (a lifetime/ 

T A B L E  III 

S P E C T R A L  C H A R A C T E R I S T I C S  O F  F L U O R E S C E N T  P R O B E S  

P r o b e  e a T v b Q c Q d ~ m a x  ( n m )  e 

(M - 1 .  c m  -~) (ns)  (ns)  m e t h a n o l  

n - h e x a n e  H 2 0  M e t h a n o l  n - H e x a n e  L i p o -  

s o m e s  f 

2 -AP  6 7 3 0  _+ 1 4 0  1 1 . 0  7 .7  - -  0 . 3 4  4 5 5  4 5 7  4 4 5  4 5 1  

6 - A S  8 2 8 0  + 1 2 0  1 0 . 6  8.7 0 . 0 7 1  0 . 5 3  4 5 2  4 6 1  4 4 5  4 4 7  

9 - A S  7 8 6 0  + 2 2 0  1 0 . 4  9 . 5  0 . 0 7 1  0 .51  4 4 6  4 6 1  4 4 6  4 4 7  
1 2 - A S  7 7 7 0 - +  2 0  1 0 . 5  10 .4  0 . 0 7 1  0 . 7 4  4 5 2  4 5 8  4 4 6  4 4 6  

M-9-A 7 1 1 0  + 2 4 0  12 .1  10 .9  0 . 0 7 1  0 . 4 4  4 8 0  4 6 1  4 4 7  4 5 5  

a M o l a r  e x t i n c t i o n  c o e f f i c i e n t  a t  3 6 1  r im fo r  M-9-A a n d  3 6 2  n m  for  f a t t y  ac id  p r o b e s .  T h e  e r r o r  is  t h e  
s t a n d a r d  d e v i a t i o n  fo r  t r i p l i c a t e  m e a s u r e m e n t s .  

b F l u o r e s c e n t  l i f e t i m e s  i n  d i m y r i s t o y l  p h o s p h a t i d y l c h o l i n e  w e r e  for  l i p o s o m e s  s u s p e n d e d  i n  H 2 O at  20"C.  

S t a n d a r d  d e v i a t i o n  o f  l i f e t i m e  m e a s u r e m e n t s  w a s  -+ 0 .7  ns.  
c Q u a n t u m  y i e l d s  r e l a t i v e  t o  q u i n i n e  s u l p h a t e  i n  0 . 5  M H 2 S O  4 (Q = 0 . 5 4 6 ) .  
d As fo r  c b u t  for  p r o b e s  i n  egg p h o s p h a t i d y l c h o l i n e  l i p o s o m e s  s u s p e n d e d  i n  H 2 0 .  

e W a v e l e n g t h  o f  e m i s s i o n  m a x i m u m .  
f L i p o s o m e s  o f  egg p h o s p h a t i d y l c h o l i n e  o r  d i m y r i s t o y l  p h o s p h a t i d y l c h o l i n e  s u s p e n d e d  i n  H 2 0 .  
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molar volume) reflecting the smaller molar volume and shorter rotational 
relaxation time of this molecule. 

The position of the emission maximum is often used as an indicator of the 
polarity and structure of the environment surrounding the fluorophore [7]. 
Table III compares the emission maxima of the probes in water, methanol,  
hexane and liposomes. The results in water were variable and concentration 
dependent ,  and may be affected by micelle formation as indicated by the blue 
shift relative to methanol [9]. A greater blue shift was observed in hexane. In 
liposomes (egg phosphatidylcholine or dimyristoyl phosphatidylcholine),  a blue 
shift in the emission maximum was observed as the fluorophore was moved 
deeper into the hydrophobic interior of the bilayer, the biggest difference 
occurring between 2-AP and 6-AS. However, M-9-A has an emission maximum 
red shifted compared to 2-AP despite its location in the centre of the bilayer 
(see below). In methanol or hexane the emission maximum of all probes is 
similar and shows no trend. 

Quantum yields. Table III shows that  the yields in methanol are similar indi- 
cating that  the intrinsic quantum yield is independent of the position of the 
fluorophore along the acyl chain. However, in liposomes the quantum yield 
increases as the fluorophore is moved deeper into the bilayer as would be 
expected for a polarity gradient from the surface to the centre of the bilayer. 
Again, M-9-A does not  fit this pattern but  gives a lower quantum yield than 
expected for its position at the bilayer centre. 

Lifetimes. The response of the emission maximum and quantum yield to a 
polarity gradient is also seen in the values of the fluorescent lifetimes which 
increase from 7.7 ns for 2-AP to 10.4 ns for 12-AS (Table III). 

Location of the probes in the bilayer 
The relative location of the probes in the bilayer was determined by mea- 

suring the relative quenching efficiencies of three different quenching agents on 
each of  the five probes bound to dimyristoyl phosphatidylcholine l iposomes.  

Copper (II). We may expect that  the quenching of the probes by a para- 
magnetic quenching agent (Cu(II) either in the aqueous phase or bound to the 
membrane surface would reflect the accessability of the fluorophores in the 
bilayer. The results analysed according to the Stern-Volmer equation are 
depicted in Fig. 4. We note that  these plots are non-linear and we have shown 
earlier that  this behaviour can arise in cases when the concentration of total 
rather than bound quencher is used on the abscissa axis *. Nevertheless, it is 
clear that  the quenching efficiencies, as reflected by the slope of the line at 
[Cu(II)] -~ 0, are in the order 2-AP > 6-AS > 9-AS > 12-AS > M-9-A. Values 
of the biomolecular quenching constants calculated from these initial slopes are 
listed in Table IV and are indicative of a diffusion-controlled process [ 22]. 

The double reciprocal plot of the quenching data is presented in Fig. 5. The 
plots for 6-, 9- and 12-AS have a common ordinate intercept indicating that  the 
same degree of quenching is achieved at infinite concentration of quencher. 

* N o n - l i n e a r  p l o t s  o f  t h i s  t y p e  also ar i se  i n  s i t u a t i o n s  w h e r e  f l u o r o p h o r e s  are  a r r a n g e d  w i t h i n  a m a c r o -  

s t r u c t u r e  s u c h  t h a t  o n l y  a certain  p r o p o r t i o n  o f  t h e m  is acces s ib l e  t o  t h e  q u e n c h e r ,  e.g. t r y p t o p h a n  

r e s i d u e s  i n  a p r o t e i n .  T h e  t h e o r y  f o r  t h i s  s i t u a t i o n  has  b e e n  d e s c r i b e d  b y  L e h r e r  [ 3 6 ] .  
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Fig.  4 .  S t e z n - V o l m e r  p lo t s  for  the q u e n c h i n g  o f  f lu or e sc e n t  probes  in d i m y r i s t o y l  p h o s p h a t i d y l c h o l i n e  
l i p o s o m e s  b y  Cu(II ) .  

Fig .  5 .  Data  in  Fig.  4 p l o t t e d  in d o u b l e  rec iproca l  f o r m  to  E q n .  1 0 .  

The plot of  2-AP is distinctly different having a lower ordinate intercept sug- 
gesting that a different process is involved in the quenching of  this fluorophore. 
Values of  the apparent equilibrium constant for the Cu(II) binding calculated 
according to Eqn. 10 are presented in Table IV. 

N,N-Dimethylaniline. Dimethylaniline is an efficient quencher of  anthracene 
fluorescence [23] .  Because of  its hydrophobic nature we would expect it to 
enter the bilayer and locate near the centre of  the bilayer. We would therefore 
expect  the relative quenching efficiencies of  the five probes to be in the reverse 
order to that observed for quenching by surface-bound Cu(II). Fig. 6 shows 
that this indeed is the case except  that 2-AP is out  of  sequence and has a 
quenching efficiency closer to that for 9-AS. 

16-Nitroxide stearic acid. In dimyristoyl phosphatidylcholine l iposomes we 

T A B L E  IV 

V A L U E S  O F  T H E  A P P A R E N T  B I M O L E C U L A R  Q U E N C H I N G  C O N S T A N T  ( k q )  A N D  T H E  A P P A R -  
E N T  A S S O C I A T I O N  C O N S T A N T  (K A)  F O R  T H E  B I N D I N G  O F  Cu( I I )  T O  D I M Y R I S T O Y L  P H O S P H A -  

T I D Y L C H O L I N E  L I P O S O M E S  

The  data  is der ived f r o m  Figs. 4 and 5 as out l ined  in T h e o r y .  

Probe kq X 10 -9 K A × 10 -6 
' (M-I. s-l) (M-I) 

2-AP 2 .29  0 . 0 7  
6 -AS 1 .69  0 . 2 3  
9 -AS  0 . 8 3  0 .11  
1 2 - A S  0 . 6 0  0 . 0 7  
M-9-A 0 . 1 2  
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Fig. 6 .  S t e r n - V o l m e r  p lo ts  for  the  q u e n c h i n g  of  f luorescen t  p robes  in d i m y r i s t o y l  p h o s p h a t i d y l c h o h n e  
l i posomes  b y  N , N - d i m e t h y l a n i l i n e .  

Fig. 7. S t e r n - V o l m e r  p lo ts  for  the  q u e n c h i n g  of  f luo rescen t  p robes  in d i m y r i s t o y l  p h o s p h a t i d y l c h o l i n e  
l i posomes  b y  16-h i t rox ide  s tear ic  acid.  

would expect  the nitroxide ring of  this spin-labelled probe to locate near the 
centre of  the bilayer. Quenching of  anthracene fluorescence presumably occurs 
via a paramagnetic mechanism and Fig. 7 shows that the relative quenching effi- 
ciencies are in the same order as that observed for quenching by dimethyl- 

I 41,61~ 0.147~.~ ~ I 

0.147 ~ 2-AP 

' 0.145 

iOo  .2  
"~ 6-AS 
.N 0.05 
I:ZI 

I I ! I 
20 30 /.0 50 

TemperQture (°C) 

Fig. 8. C o n t i n u o u s  r eco rd ing  of  po la r i za t ion  versus  t e m p e r a t u r e  for  the  phase  t rans i t ions  of  d i p a l m i t o y l  
p h o s p h a t i d y l c h o l i n e .  Plots  are  d isp laced  one  b e n e a t h  the  o th e r  for  ease of  p re sen t a t i on .  Th e  scale division 
for  po la r i za t ion  is i nd i ca t ed  on  the  o rd ina t e .  The  figures r e fe r  to  the  re la t ive  po la r i za t ion  va lues  a t  20°C.  



136 

T A B L E  V 

V A L U E S  O F  Ap A N D  Ap A C R O S S  T H E  C R Y S T A L L I N E - L I Q U I D  C R Y S T A L L I N E  P H A S E  T R A N S I -  
T I O N  OF D I P A L M I T O Y L  P H O S P H A T I D Y L C H O L I N E  

Values  of  Ap for  M-9-A are no t  p r e s e n t e d  due  to  u n c e r t a i n t y  in the  t e m p e r a t u r e  d e p e n d e n c e  of  T for this  
p robe .  

P robe  Lfl, -* P~, L~, -~ L~ 

( 3 0 - - 3 8 ° C )  (30 - -44°C)  

&~p Ap (ns) Ap Ap (ns) 

2-AP 0 .004  2.0 0 .026  10.7 
6-AS 0 .012  3.0 0 .056  13.2 
9-AS 0 .019  5.5 0 .071 16.2  
12-AS 0 . 0 2 5  7.6 0 .077  17.4  
M-9-A 0 .042  - -  0 . 064  - -  

aniline. Again 2-AP is out of sequence having a quenching efficiency closer to 
that for 12-AS. 

The dipalmitoyl phosphatidylcholine phase transition 
To demonstrate the application of the fluorescent probes we have examined 

the crystalline-liquid crystalline phase transition of dipalmitoyl phosphatidyl- 
choline. Plots of polarization versus temperature are presented in Fig. 8. All 
probes sense the main transition at 41.6°C. The sensitivity of the fluorophore 
to the pretransition appears to increase as the probe is placed deeper into the 
bilayer. A similar set of curves is found when the rotational relaxation time is 
plotted against temperature. We have used the change in p and p between 30 
and 38°C (Ap30_asOc and Ap3o_3sOc) as indicative of the magnitude of the 
changes occurring during the pretransition (L~0-* P~,)*. These values are 
presented in Table V and show that the pretransition involves a greater change 
in microviscosity at the centre of the bilayer than at the surface. Table V also 
present values of Ap and Ap across the whole transition (L~, -* L~, Ap30__44oc 
and Ap30__44oc). These results also show that from the gel to the fluid state 
(L~, -~ La) the greatest changes in microviscosity occur towards the centre of 
the bilayer. 

Discussion 

The presence of impurities in the probe preparations can be adequetely 
detected by measuring spectral characteristics (infrared and ultraviolet absorp- 
tion, fluorescence emission) and by thin-layer chromatographic analysis. In 
solvents such as methanol or hexane the fluorescent characteristics (quantum 
yield, lifetime, P0) of the fatty acid probes are similar (Table III) indicating that 
the position of the anthracene ring on the acyl chain does not cause intrinsic 
differences in these parameters. However, when the probes are placed in an 
anisotropic environment, namely a phospholipid bilayer, significant differences 

* The  n o m e n c l a t u r e  a d o p t e d  is that  of  Luz z a t i  [ 3 7 ] .  
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are found in the lifetime, quantum yield and in the position of  the emission 
maximum. In each case, the data indicate that the f luorophore enters a less 
polar enviroment the deeper it is buried into the bilayer. We believe that  the 
most  accurate measure of  this trend is the position of  the emission maximum 
and we note  that  the largest blue shift in Xmax occurs be tween 2-AP and 6-AS 
suggesting that little water  penetrates past the 6-AS position. This observation 
is in agreement with the results of  Griffith et al. [24] for spin-labelled fat ty 
acids. We note that  the trends discussed above may be less pronounced than 
expected since the decreased restraint on solvent rearrangement toward the 
bilayer centre (i.e. decreased viscosity) can lead to decreased quantum yields 
and often to shorter excited state lifetimes [6]. The spectral properties 
reported in Table III for 2-AP and 12-AS are in general agreement with pub- 
lished data [9,10].  

The use of  quenching reagents which locate at the surface or the centre of 
the bilayer have proved useful to establish the relative position of  the fluoro- 
phores. The use of  Cu(II) results in non-linear Stern-Volmer plots {Fig. 4) and 
we have shown that such plots are to be expected when a quencher binds to the 
bilayer surface. The relative quenching efficiencies are best indicated by the 
values of  the apparent bimolecular quenching constants listed in Table IV. The 
simplest explanation of  these results is that  the deeper f luorophores are less 
acesssible to quencher. This implies that the bilayer is to some extent  per- 
meable to Cu(II) {perhaps in the form of CuSO4) since paramagnetic quenching 
is believed to require close contact  between f luorophore and quencher (4--6A 
[25,26]) .  It is possible therefore that 'a  gradient of  Cu{II) exists from the surface 
to the centre of  the bilayer. This interpretation is supported by the following 
considerations. 

The double reciprocal plot of the Cu(II) quenching data {Fig. 5) suggests 
that  the mechanism of quenching differs from 2-AP on one hand and for 6-, 9- 
and 12-AS on the other. In the former case, Cu(II) bound at the bilayer surface 
could be sufficiently close to the anthracene ring to cause significant para- 
magnetic quenching. The binding of divalent cations to phosphatidytcholine is 
very weak [27,28] and is insufficient to explain the efficient quenching ob- 
served. On the other hand, Cu(II) could bind to the carboxyl group of  the 
probe itself so bringing it into close contact  with the fluorophore.  Indeed, 
increased quenching of  all probes was found for liposomes containing 2 mol% 
palmitic acid. The deeper probes could be quenched by a gradient of Cu(II) in 
the bilayer determined by  high local concentrations of Cu(II) near the carboxyl 
group at the bilayer surface. At high concentrations of quencher this gradient 
would be such that all probes were quenched with equal efficiency as indicated 
by  the common ordinate intercept in Fig. 5. If the quenching had reflected the 
binding process for the 6-, 9- and 12-AS probes we would have expected the 
apparent binding constant to be similar in each case and the ordinate inter- 
cepts would have differed due to different values of  K A and T (Eqn. 10). Such 
is not  the case {Fig. 5, Table IV). An explanation based on the influence of 
microviscosity on the rate of  a diffusion-controlled process is unacceptable 
since it predicts that quenching would be more efficient towards the centre of 
the bilayer where the microviscosity is lower. 

The relative positions of  the fluorophores are also confirmed by the quench- 
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ing data obtained for N,N<limethylaniline and 16-nitroxide stearic acid. In 
these cases the theory is more complicated since both partition and binding 
processes may be involved in the uptake of these molecules into the bilayer. 
We believe that  the misplacement of  2-AP in the series for both  these quenchers 
(Figs. 6 and 7) arises because a certain proport ion of material may reside in the 
aqueous phase depending on the partition coefficient and/or binding constants 
involved. For  example, ESR experiments have shown that 16-doxylstearate has 
appreciable water solubility [29].  Thus the surface probe (2-AP) is quenched 
by molecules in both  lipid and aqueous phases. 

While these quenching experiments indicate the relative position of the 
probes in the bilayer, some indication of the absolute positions of  the fluoro- 
phores comes from the recent work of  Podo and Blasie [30] who examined the 
PMR spectra of  dipalmitoyl phosphatidylcholine vesicles containing 2-AP and 
12-AS. Chemical shifts were seen in the region of  the terminal methylene 
protons for 12-AS, whereas 2-AP affected shifts near the first and second 
methylene groups of  the acyl chains indicating that its f luorophore was located 
level with the carbonyl group of the ester linkage. Our data confirms the loca- 
t ion of  6-AS and 9-AS between these positions. 

Continuous recording of  polarization and intensity during the dipalmitoyl 
phosphatidylcholine phase transition improves the accuracy of this measure- 
ment  [9]. All probes register the pretransition and the main transition. The 
results indicate that  the pretransition involves a greater change in micro- 
viscosity at the centre of the bilayer than at the surface (Fig. 8, Table V). The 
pretransition represents a greater proport ion of the total change in microvis- 
cosity from gel to fluid state as the f luorophore is placed deeper in the bilayer. 
This information may be added to that  obtained from recent X-ray diffraction 
experiments which indicates that  the pretransition is associated with a struc- 
tural transformation from a "one-dimensional lamellar to a two-dimensional 
monoclinic lattice consisting of  lipid lamellae distorted by a periodic ripple" 
[31].  It is also true that  over the complete  crystalline-liquid crystalline transi- 
tion the changes are greater at the bilayer centre that  at the surface (Table V). 
In this connnection,  the ESR data of  Marsh [32] is of  interest since it shows 
that  there is a greater change in the ESR order parameter for spin-labelled fat ty 
acids as the nitroxyl group is moved along the acyl chain and therefore deeper 
in the bilayer. However,  it would appear that sonicated dispersions which do 
not  show a pretransition were used in these experiments. 

During these measurements of the phase transition it became clear that  the 
behaviour of  M-9-A differed markedly from that of  the fluorescent fat ty acid 
probes. In particular, large increases in fluorescence intensity were observed 
during both the pretransition and the main transition of  dipalmitoyl phospha- 
tidylcholine and it was evident that  the intensity could not  be used to moni tor  
changes in fluorescence lifetime. Hence values of  p for this probe have been 
omit ted from Table V. The results suggested that there was a significant 
increase in the binding and/or partition of  M-9-A into the membrane as the 
bilayer became more fluid. Similar behaviour has been observed for N-phenyl- 
naphthylamine [33] and for the spin label TEMPO [34].  On the other  hand 
binding experiments have indicated that  the fluorescent fat ty acids are com- 
pletely bound to the membrane under the conditions used in the transition 
experiments described. 
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Recently,  Cadenhead et al. [35] have studied the per turbat ion of  bilayer 
structure by  2-AP, 12-AS and 16-AS using surface balance, differential scanning 
calorimetry and fluorescence polarization techniques. While agreeing with the 
main features of  their fluorescence results we have not  been able to show any 
differences in the temperature of  the main transition between the four fat ty 
acid probes. Indeed, the transition temperature was independent  of  probe con- 
centrat ion wi th in  the concentrat ion range commonly  employed (probe to lipid 
ratios 1 : 150--1 : 500). In addition, the fluidity gradient as determined by the 
fluorescen t fat ty acids agrees well with that  determined by a non-perturbing 
technique [ 11 ]. Perturbation of  bilayer structure in terms of  changes in fluores- 
cent parameters at low probe concentrat ion therefore appears to be minimal. 
On the other  hand perturbat ion may be detected by more sensitive techniques 
such as the measurement  of  membrane conductance (Thulborn et al., manu- 
script in preparation).  

In this paper we have reported the properties of  a set of fluorescent probes 
sensitive to the fluidity gradient of  the lipid bilayer. Their relative positions in 
the bilayer have been established and we have demonstrated their use by 
examining the structural changes which occur during the phase transition of a 
pure phosphatidylcholine.  More recently we have found that these probes indi- 
cate that  a microviscosity barrier exists in bilayers of  unsaturated phosphatidyl- 
cholines such that  above and below the region of  the double  bonds there is 
a significant decrease in microviscosity [11].  The probes described offer a 
relative simple method for monitoring bilayer structure and the penetration of  
various membrane components .  
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