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Bimolecular collision rate of 8-anilinonaphthalene-l-sulfonic acid (ANS) and the nitroxide doxyl group 
attached to various carbons on stearic acid spin labels (n-SASL) in phosphatidylcholine-cholesterol 
membranes in the fluid phase was studied by observing dynamic quenching of ANS fluorescence by 
n-SASL's.  The excited-state lifetime of ANS and its reduction by the n-SASL doxyl group were directly 
measured by the time-correlated single photon counting technique to observe only dynamic quenching 
separately from static quenching and were analyzed by using Stern-Voimer relations. The collision rate of 
ANS with the n-SASL doxyi group ranges between 1 • 107 and 6 • 107, and the extent of dynamic quenching 
by n-SASL is in the order of 5->> 6 - >  7 - <  9 - <  10-< 12-< 16-SASL ( <  5-SASL) in di- 
myristoylphosphatidyicholine (DMPC) membranes. Collision rate of 16-SASL is only 10% less than that of 
5-SASL. Since the naphthalene ring of ANS is located in the near-surface region of the membrane, these 
results indicate that the methyl terminal of SASL appears in the near surface area frequently, probably due 
to extensive gauche- trans  isomerism of the methylene chain. The presence of 30 mol% cholesterol decreases 
the collision rate of ANS with 12- and 16-SASL doxyl groups but not with the 5-SASL doxyl group in 
DMPC membranes. On the other hand, in egg-yolk phosphatidylcholine membranes, inclusion of 30 mol% 
cholesterol does not affect the collision of ANS with either 5-SASL or 16-SASL doxyl groups, in agreement 
with our previous observation that alkyl chain unsaturation moderates cholesterol effects on lipid motion in 
the membrane (Kusumi et al., Biochim. Biophys. Acta 854, 307-317). It is suggested that dynamic quenching 
of ANS fluorescence by lipid-type spin labels is a useful new monitor of membrane fluidity that reports on 
various lipid mobilities in the membrane; a class of motion can be preferentially observed over others by 
selecting a proper spin label, i.e., rotational diffusion of lipid about its long axis and translational diffusion 
by using 5-SASL, wobbling motion of the lipid long axis by using 7-SASL or androstane spin label, and 
gauche-trans isomerism by using 16-SASL. 
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Introduction 

Since bimolecular collision is of fundamental 
importance for chemical reactions, it is important 
in the studies of biological membranes to obtain 
information on dynamic structure of membranes 
based on bimolecular collision rate of molecule 
solubilized in the membrane. Kusumi et al. [1] 
studied bimolecular collision rate between molecu- 
lar oxygen and various lipid-type spin probes in 
membranes by using ESR saturation recovery 
method. They found that oxygen transport, the 
product of concentration and diffusion constant 
of molecular oxygen, is a useful new monitor of 
membrane fluidity that reports on translational 
diffusion of small molecules in the membrane. 
Subczynski et al. [2] studied bimolecular collision 
of membrane-soluble planar copper complex and 
lipid spin labels in the membrane. They observed 
fast lateral diffusion ((6-9.5). 10 -7 cm2//s) of the 
complex which is oriented along the direction of 
alkyl chains. The collision rate was larger in the 
membrane core region than in the near-surface 
region. 

One of three major thrusts for the present 
paper is to expand these previous studies to bi- 
molecular collisions of larger molecules, which are 
about the size of lipids, in the membrane. 

Our method is based on dynamic fluorescence 
quenching of a fluorescence probe, 8-anilino- 
naphthalene-l-sulfonic acid (ANS) by the nitro- 
xide radical attached to various carbons of the 
stearic acid molecule (stearic acid spin label, 
SASL). We made direct observation of the ex- 
cited-state lifetime of ANS and its reduction (dy- 
namic quenching) by spin labels. Dynamic 
quenching is different from static quenching in 
that the former only measures collision after the 
flash-light excitation while the latter reflects pres- 
ence of quencher molecules within the interaction 
distance (4-6 ,~) at the time of flash excitation. 
Thus dynamic quenching can be a measure of 
motion while static quenching reflects the spatial 
distribution of quenchers in the membrane. These 
quenching mechanisms cannot be separately ob- 
served by steady-state measurement of fluores- 
cence because it is influenced by both dynamic 
and static quenching. On the other hand, lifetime 
measurement only detects dynamic fluorescence 

239 

quenching induced by bimolecular collisions. 
The use of lipid spin labels as paramagnetic 

quenchers has been described [3-10]. These 
lipid-type spin probes are particularly suitable as 
quenchers in membranes because their average 
location in the membrane has been well-char- 
acterized by a number of ESR studies (see, for 
example, Ref. 11). However, since most of spin- 
label quenching data available to date are limited 
to steady-state measurements, collisional effect 
(dynamic quenching) has not been dissociated 
from static quenching. We are solely concerned 
with dynamic quenching due to bimolecular colli- 
sions in this report. Limited application of dy- 
namic quenching to the studies of a membrane 
protein [9] and lipid [7] has been reported. 

One of the most important characteristics of 
SASL quenching is high localization of spin den- 
sity of the unpaired electron in the doxyl ring [12]. 
Quenching would not be induced by SASL that is 
located adjacent to the fluorophore if the doxyl 
ring is away from the fluorophore. We will show 
that segmental motion of lipid alkyl chains 
(gauche-trans isomerism) can be estimated by 
using dynamic fluorescence quenching by SASL 
because of high localization of spin density and 
short interaction distances required for para- 
magnetic quenching. 

A number of studies have been reported, in 
which bimolecular collision rate of lipids was 
estimated to obtain lateral diffusion constant of 
lipid molecules in the membrane by using a variety 
of techniques [13-20]. One of the common as- 
sumptions made to measure lateral diffusion con- 
stant by observation of bimolecular collision is 
that interaction probability is one when the probe 
molecules become adjacent to each other in the 
membrane [13-15, 18-20]. This assumption can- 
not be justified in the case of dynamic fluores- 
cence quenching of ANS by the nitroxide spin 
label because interaction of ANS and the nitro- 
xide radical may not occur during the excited-state 
lifetime of ANS even if ANS and SASL are adja- 
cent to each other because the spin density of the 
radical is well-localized in the oxazolidine ring of 
SASL. The class of motion that may influence 
dynamic fluorescence quenching of ANS in the 
membrane by SASL includes (1) gauche-trans 
isomerism of lipid alkyl chains, (2) rotational dif- 
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fusion of SASL about its long axis, (3) wobbling 
diffusion of the long axis itself (SASL and fluoro- 
phores), and (4) vertical fluctuation [15] as well as 
(5) lateral diffusion of fluorophores and SASL 
(see Fig. 5). Thus, the second thrust for the pre- 
sent study is to develop a method of dynamic 
quenching of ANS fluorescence by lipid-type spin 
labels as a useful monitor of dynamic structure of 
membranes by examining closely the molecular 
processes that may be involved with the collision 
of ANS and the doxyl group of SASL. 

The third thrust for this study is to examine the 
influence of cholesterol and alkyl chain unsatura- 
tion on bimolecular collision rate. We previously 
found that effects of cholesterol on lateral diffu- 
sion of phospholipids and rotational motional 
freedom of the nitroxide radical on 5- and 16-SASL 
in saturated phosphatidylcholine membranes are 
much greater than the cholesterol effects in un- 
saturated phosphatidylcholine membranes [21,22]. 
Unsaturation of the alkyl chains greatly reduces 
the ordering effect of cholesterol at C-5 and C-16 
positions although unsaturation gives only minor 
fluidizing effects on phosphatidylcholine mem- 
branes without cholesterol; introduction of 30 
mol% cholesterol to dimyristoylphosphatidylcho- 
line (DMPC) membranes decreases the lateral dif- 
fusion of N-(7-nitrobenz-2-oxa-l,3-diazol-4-yl)di- 
palmitoyl-L-a-phosphatidylethanolamine (NBD- 
PE) by a factor of four at 26°C, while it causes 
only a slight decrease of lateral diffusion constant 
in dioleoylphosphatidylcholine membranes. The 
diffusion constant of NBD-PE in these mem- 
branes made of saturated and unsaturated phos- 
pholipids without cholesterol at 26 o C is about the 
same, indicating little influence of unsaturated 
chains in the absence of cholesterol. It is interest- 
ing to re-examine these observations by monitor- 
ing bimolecular collision rates in various mem- 
branes. 

Materials and Methods 

All spin labels, n-doxyl stearic acid spin label 
(n-SASL), 3-doxyl-5a-cholestane (cholestane spin 
label), 17fl-hydroxy-4',4'-dimethylspiro-(5 a- 
androstane-3,2'-oxazolidine)-3'-yloxyl (androstane 
spin label), 2,2,6,6-tetramethylpiperidine-l-oxyl 
(Tempo), 4-hydroxy-2,2,6,6-tetramethylpiperidine- 

1-oxyl (Tempol), and 4-(N-2-hydroxyethyl)-N,N- 
dimethyl)ammonium-2,2,6,6-tetramethylpiperi- 
dine-l-oxyl (Tempocholine chloride), and a fluo- 
rescent probe, 8-anilinonaphthalene-l-sulfonic 
acid (ANS) were purchased from Molecular Probes 
(Junction City, OR). Phospholipids were 
purchased from Sigma (St. Louis, MO), and 
cholesterol (crystallized) from Boehringer-Man- 
nheim (Indianapolis, IN). 

Some SASL contained fluorescent contanaina- 
tion and were purified on an activated charcoal 
column (0.6 x 10 cm for 10 mg of SASL in chloro- 
form). SASL concentration after purification was 
determined by ESR spectroscopy. The buffer used 
for the study with n-SASL was 0.1 M borate at 
pH 9.5. To ensure that all SASL carboxyl groups 
are ionized in phosphatidylcholine membranes, a 
rather high pH was chosen [23-25]. Androstane 
spin label and cholestane spin label, which do not 
have any ionizable group, did not show spectral 
changes in phosphatidylcholine membranes be- 
tween pH 4.5 and pH 9.5, indicating that the 
structure of phosphatidylcholine membranes is not 
influenced by pH in this range [1,21]. The phase 
transition temperature [26] and electrostatic prop- 
erties [27] of phosphatidylcholine membranes are 
the same in this pH range. For experiments with 
cholestane and androstane spin labels, 0.1 M 
sodium N-2-hydroxyethylpiperazine-N '-2- 
ethanesulfonate (pH 7.4) was used as a buffer. 

The membranes used in this work were multi- 
lamellar dispersions of lipids prepared in the fol- 
lowing way: A mixture of lipid and lipid spin 
label in chloroform was dried with a stream of 
nitrogen and further dried under a reduced pres- 
sure (= 0.1 mmHg) in the dark for at least 20 h. 
The suitable buffer solution was deoxygenated 
with nitrogen gas and mixed with an appropriate 
amount of concentrated ANS solution (a final 
concentration of 10 ~tM). The buffer solution (2 
ml) containing ANS and the lipid samples (2.10 - 6  

mol) were preheated to 37°C and then mixed 
vigorously with a Vortex mixer. The lipid disper- 
sion in a test tube (4 mm i.d.) was sealed with a 
rubber septum and further deoxygenated by bub- 
bling with nitrogen gas using two hypodermic 
needles (one for bubbling and the other for releas- 
ing the pressure). Fluorescence measurements in 
the test tube gave the same results as in a 10 × 10 



mm quartz optical cuvette (Type 221, Hellma Cells, 
Inc., Jamaica, NY). All fluorescence lifetime mea- 
surements were carried out at 33.0 ___ 0.5°C. 

Fluorescence spectra were measured with an 
Aminco-Bowman SPF-500 spectrofluorometer. 
Time-dependent fluorescence decay after a nano- 
second actinic flash light was observed by 
time-correlated single photon counting method 
using a Photochemical Research Associates Fluo- 
rescence Lifetime Instrument Type 3000 (London, 
Ontario, Canada). The 510C nanosecond flash 
lamp was filled with low-pressure hydrogen ( --- 0.5 
atm) and operated at 30 KHz repetition rate. 
Holographic grating monochromators (Jobin- 
Yvon, Type H10) were set in both excitation and 
emission light paths with 20 nm bandwidth. Exci- 
tation and emission wavelengths were 360 nm and 
460 nm, respectively. Appropriate low-cut, low- 
fluorescent optical filters were used to suppress 
second-order and stray light from the excitation 
monochromator and Rayleigh and Raman scatter- 
ing light from the sample. The fluorescence decay 
curves were analyzed for multiple exponentials 
with deconvolution of the time-dependent lamp 
intensity profile using a program from Pho- 
tochemical Research Associates, Inc. on a PDP 
11-23 computer. 

Results 

Most ANS molecules partition into the mem- 
brane above the phase transition temperature. 
ANS fluorescence intensity is enhanced in the 
hydrophobic environment. The fluorescence in- 
tensity of ANS in a buffer solution in the absence 
of the membrane was less than 2% of that in the 
presence of DMPC membranes at 33°C. 

ANS is reported to stay in the hydrophobic 
locus of the membrane close to the membrane/ 
water interface [28] as is expected from the molec- 
ular structure, hydrophobic benzene and naph- 
thalene rings and a sulfonyl group which is ionized 
under our experimental conditions. The fraction 
of ANS which might be located deeper in the 
membrane must be very small. The predominant 
location of ANS is confirmed by the quenching 
data in the latter part of this paper. 

Fig. 1 shows time-dependent fluorescence de- 
cays of ANS in the presence or absence of 5-SASL 
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Fig. 1. Time-dependent fluorescence decays of ANS in DMPC 
membranes after a nanosecond flash lamp excitation at 33°C 
with (the faster decay) and without (the slower decay) 15 mol% 
5-SASL. The lamp profile is shown in the broken line. 

in DMPC membranes. Faster decays are observed 
in the presence of SASL in the membrane. The 
fluorescence decay curves can be fitted with dou- 
ble-exponential decays with deconvolution of the 
time-dependent light intensity profile of the 
nanosecond flash lamp. The faster decay is due to 
intramolecular charge transfer in the ANS mole- 
cule [29] and the slower decay is associated with a 
singlet-singlet electronic transition. We are con- 
cerned with reduction of the time constant of this 
second component by spin labels. Since we have 
neglected time-dependent effects in diffusion-con- 
trolled fluorescence quenching which causes de- 
parture from exponential decays [30-33], it is 
possible that we may be overestimating the colli- 
sion rate. However, since our emphasis in this 
work is laid on comparison of quenching effi- 
ciency of various SASL molecules, simple analysis 
with multi-exponential decays were utilized in this 
work. 

The reduction (quenching) follows the Stern- 
Volmer relation for dynamic quenching 

T l _ ~ l = k q [ Q ]  

where • and % are the excited-state lifetimes in 
the presence and absence of quencher molecules, 
respectively, kq is the kinetic constant of quench- 
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ing, and [Q] is the concentration of quencher 
molecules. In Fig. 2, T-1 _ TO 1 of ANS is plotted 
as a function of mole fraction of 16-SASL (A) and 
5-SASL (B) in DMPC membranes. These figures 
indicate that the Stern-Volmer equation can be 
used to analyze ANS quenching data with wide 
ranges of quencher concentrations. Structural 
modification of membranes with high concentra- 
tion of SASL may present difficulties in interpre- 
ting the experimental data. However, T-~ - ~o 1 is 
linear with mole fraction of n-SASL up to 15 
mol% in these membranes. Luisetti et al. [7], in 
their steady-state quenching experiments, found 
that Stern-Volmer plot is linear up to more than 
10 mol% of SASL, while London and Feigenson 
[8] used spin-labeled phosphatidylcholine up to 
100% and found continuous changes in quenching. 
These results indicate that there is no transitional 
changes in the membrane structure upon incorpo- 
ration of these spin labels to a certain level and 
that experimental data obtained with SASL would 
provide useful information for understanding the 
structure of membranes with and without SASL. 

In the following part of this paper, we use a 
quenching parameter QP10 which is defined as an 
interpolated value of T - 1 -  To 1 at 10 tool% of 
n-SASL, as a convenient parameter to indicate the 
extent of quenching. 

Average location of the doxyl group of 5-SASL 
in the membrane is expected to be much closer to 
ANS than that of 16-SASL in the membrane. 
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Fig. 2. "r t _  TO-1 of ANS plotted as a function of mole 
fraction of SASL in D M P C  (O)  and D M P C + 3 0  mol% 
cholesterol (zx) membranes  at 33°C. (A) 16-SASL. (B) 5-SASL. 

Comparison of Figs. 2A (16-SASL) and 2B (5- 
SASL), however, reveals that the collision rate of 
ANS with the doxyl group on 16-SASL is only 
10% smaller than that of ANS and the 5-SASL 
doxyl group, indicating that the hydrophobic end 
of SASL may frequently fold back to the 
near-surface region of the membrane by gauche- 
trans isomerism of the alkyl chains and wobbling 
of the long axis (see also Fig. 3). 

Influence of cholesterol (30 mol%) on dynamic 
quenching of ANS fluorescence by 5- and 16-SASL 
is also shown in Fig. 2. Inclusion of cholesterol 
decreases the collision rate between ANS and the 
doxyl ring of 16-SASL by about 30%, while it does 
not affect (or even slightly increases) the collision 
of ANS with the 5-SASL doxyl group. These 
results can be explained by differential effects of 
cholesterol on different motional modes: the pres- 
ence of cholesterol may decrease the extent of 
gauche-trans isomerism, which decreases collision 
between ANS and the 16-SASL nitroxide, while it 
may not influence rotational diffusion of SASL as 
a hole about its long axis and thus the collision 
rate between 5-SASL nitroxide and ANS remains 
the same. The presence of 30 mol% cholesterol 
was previously shown to decrease lateral diffusion 
of NBD-PE in DMPC membranes by a factor of 4 
at 26 ° C [21]. Since the largest effect of cholesterol 
on collision of ANS with SASL nitroxides ob- 
served in the present experiments was only 30% 
decrease in rate, it follows that lateral diffusion 
cannot be the rate-limiting molecular process for 
dynamic fluorescence quenching of ANS. 

It was noted that, in ~.-1_ ~.0-x vs. SASL-con- 
centration plot such as those shown in Fig. 2, 
fluctuation of data points are larger in the pres- 
ence of cholesterol and that T - 1 - ~ - o l  tends to 
deviate downwardly from the linear increase above 
10% SASL concentration in the membrane con- 
taining cholesterol. The error in the estimate of 
QP10 of ANS in DMPC-cholesterol membranes is 
larger than that in DMPC membranes due to 
these difficulties. Deviation from linearity may be 
caused by inhomogeneity, such as aggregation, of 
SASL in the membrane in the presence of 
cholesterol, which may lower the effective con- 
centration of SASL in the membrane at higher 
concentrations of SASL. 

The collision rate (QP10) of ANS with the doxyl 



group attached to various carbons on the stearyl 
chain is plotted as a function of location of the 
doxyl group in the stearyl chain in Fig. 3. QP10 
was estimated by making a plot like those shown 
in Fig. 2. Fig. 3A shows QP10 of ANS in DMPC 
membranes. QP10 decreases steeply from C-5 to 
C-7 positions and increases gradually from C-9 to 
C-16 positions, indicating that frequency of ap- 
pearance of the doxyl ring in the surface region of 
the membrane, where ANS is located, is larger in 
the methyl end portion of the stearyl chain than 
the middle part of the chain (~- C-7). Factors that 
may contribute to this observed variation in colli- 
sional quenching rate along the stearyl chain in- 
clude gauche-trans isomerism of stearyl chains, 
rotational diffusion of the stearic acid about its 
long axis and wobbling diffusion of the long axis 
itself. To dissociate the effect of gauche-trans 
isomerism from that of rotation and wobbling 
diffusion of the long axis, we used cholestane and 
androstane spin labels. The structure of these spin 
labels implies considerably lower intramolecular 
motion than that of SASL and these molecules 
can be treated as rigid bodies in the membrane. 
The collision rate of ANS with the doxyl ring on 
these molecules should be dependent on both ro- 
tational motion about the long axis of the mole- 
cule and wobbling of the long axis, but indepen- 
dent of intramolecular flexibility. The result is 
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Fig. 3. QPlo (~-~ - ~'0 -x interpolated to 10 mol% of SASL in 
membranes) at 33°C plotted as a function of position (Cn) of 
the doxyl group on the stearyl chain (O),  Tempo-PC (A), and 
cholestane and androstane spin labels (o). (A) DMPC mem- 
branes. (B) DMPC + 30 mol% cholesterol membranes. 
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shown in Fig. 3 (closed circle) with approximate 
location of the nitroxide group in the membrane: 
cholestane spin label places the nitroxide group 
near the water-membrane interface, while andros- 
tane spin label keeps the nitroxide group in the 
membrane at around C-10 of SASL. The collision 
rate of ANS with the doxyl group of androstane 
spin label is slightly smaller than that of 6-, 7-, 
10-SASL in DMPC membranes and much smaller 
than that of 5-, 12-, and 16-SASL. The rates of 
rotational and wobbling diffusion of the long axis 
of androstane spin label may give an estimate for 
that of SASL in an approximate manner although 
the chemical structures of these two types of spin 
probes are very different. The results described 
above imply that wobbling diffusion of the long 
axis of 6-, 7-, 9-, and 10-SASL give important 
contribution to the collision of ANS and the doxyl 
group on these SASL's. Relative contribution of 
gauche-trans isomerism vs. wobbling of the long 
axis increases from C-10 position toward the 
methyl terminal of the chain. This result is in 
agreement with 2H-NMR data [34-36], which 
showed that the deuterium order parameter of 
phospholipid alkyl chains in the membrane re- 
mains about the same between C-2 and C-10 and 
decreases steeply from C-10 toward the methyl 
end of the alkyl chain. 

Blatt et al. [10] reported that the partition coef- 
ficients of SASL vary in a systematic way depend- 
ing on the position of the doxyl group on the acyl 
chain of the fatty acid. The partition coefficient 
between the aqueous and egg-yolk PC membrane 
phases ranged between 1.2.104 and 7.4-104 at 
higher concentrations of SASL. According to these 
partition coefficients, SASL molecules incorpo- 
rated into the membrane are calculated to be 
between 93 and 99% of the total SASL at the 
concentration of lipids used in this study. Thus, 
the variation of partition coefficient cannot ex- 
plain the collision profile in the membrane shown 
in Fig. 3. 

Quenching by cholestane spin label is small. 
This result can be explained by different locations 
of the cholestane doxyl group and the ring struc- 
tures of ANS in the membrane. The nitroxide 
group is considerably hydrophilic and may be 
located in the phospholipid head-group region of 
the membrane. The benzene and naphthalene rings 
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of ANS are hydrophobic and the two tings are 
expected to be in the phospholipid hydrocarbon 
region (near the membrane surface, [28]). 

Collision of ANS and the nitroxide radical is 
most frequent with 5-SASL. Higher collision rate 
of 5-SASL may be due not only to close locali- 
zation of ANS and the 5-SASL doxyl group in the 
membrane but also fast rotational diffusion of 
5-SASL about its long axis. 

QPx0 of ANS with Tempo-PC is also shown in 
Fig. 3. The collision rate is about half of that with 
5-SASL doxyl group but is about 3-times larger 
than that with the doxyl group of cholestane spin 
label. These results suggest that the conformation 
of the hydrophilic head group of Tempo-PC al- 
lows access of the piperidine ring into the hydro- 
phobic domain of the membrane between the doxyl 
groups of cholestane spin label and 5-SASL. 

Effects of cholesterol on the collision rate (QPa0) 
of ANS with the doxyl groups on various SASL 
are shown in Fig. 3B as a function of location of 
the doxyl group on the stearyl chain. The presence 
of 30 mol% cholesterol in DMPC membranes de- 
creases the collision rate of ANS with the doxyl 
group on 9-, 12-, and 16-SASL. This result can be 
explained by decreases of both gauche-trans 
isomerism and wobbling diffusion of the long axis 
of the stearyl chain in the presence of cholesterol. 
However, the collision rate of ANS with 5-SASL 
nitroxide was not affected (even slightly increased) 
by incorporation of cholesterol. It is unlikely that 
the cholesterol effects seen in Fig. 3B can be 
explained by changes in partition coefficients of 
SASL in the presence of cholesterol because the 
collision rate with 5-SASL doxyl group is not 
affected by the presence of cholesterol. The pres- 
ence of 30 mol% cholesterol in DMPC membranes 
causes 30% increase in collision rate btween ANS 
and the spin-label piperidine ring of Tempo-PC. 
This result indicates larger accessibility of the 
phosphorylcholine headgroup to the near-surface 
region of the hydrophobic domain of the mem- 
brane in the presence of cholesterol. Kusumi et al. 
[21] previously found that incorporation of choles- 
terol in phosphatidylcholine membranes increases 
water accessibility to the interface region as moni- 
tored by cholestane spin label. These results both 
suggest that inclusion of cholesterol changes 
structural organization of headgroup regions of 

phospholipid membranes probably by giving extra 
space in the headgroup regions, which would in- 
crease the water accessibility and reduce interac- 
tions between phosphatidylcholine headgroups. 

These findings and effects of alkyl chain un- 
saturation are summarized in Table I. Overall 
variation in decay constant of the slower compo- 
nent of ANS fluorescence examined in this study 
was in the range of 5 to 9 ns in the presence of 0 
to 20 mol% of SASL in DMPC (DMPC+ 
cholesterol) and egg-yolk PC (egg-yolk PC+ 
cholesterol) membranes. The effect of cholesterol 
on the decay constant of ANS was small. The 
decay constant was reduced in the presence of 
unsaturated alkyl chains (egg-yolk PC mem- 
branes). Since ANS fluroescence is strongly de- 
pendent on hydrophobicity of the environment, 
the reduction of the lifetime may be due to in- 
creased water penetration in the membrane in the 
presence of unsaturated chains. 

Influence of alkyl chain unsaturation on colli- 
sion rate between ANS and the doxyl groups of 5- 
and 16-SASL is shown in Table I. Compare DMPC 
(which contains only saturated (myristoyl) alkyl 
chains) and egg-yolk PC (which contains un- 
saturated alkyl chains) membranes in the absence 
of cholesterol. QPlo ( , . / .-1 __ T0-1 interpolated to 10 
tool% of SASL) for 16-SASL is the same in DMPC 
and egg-yolk PC membranes. QP10 for 5-SASL is 
slightly larger (10%) in the presence of alkyl chain 
unsaturation (egg-yolk PC membranes). In 
summary, effect of alkyl chain unsaturation on the 
collision rate is small in phosphatidylcholine 
membranes without cholesterol. 

TABLE I 

DECAY CONSTANTS OF THE SLOWER C O M P O N E N T  
A N D  QPlo AT  33°C 

QPlo, quenching parameter at 10 tool% SASL. 

Lipid r o (ns) QPlo ( 106 s - l )  

5-SASL 16-SASL 

DMPC 9.0 57 _+ 4 
DMPC 

+ 30% cholesterol 9.2 62 -+ 5 
Egg-yolk PC 7.9 64 +_ 11 
Egg-yolk PC 

+ 30% cholesterol 7.4 64 + 16 

52+_ 4 

35+ 8 
52_+ 9 

58+_18 



Compare the effect of cholesterol on DMPC 
and egg-yolk PC membranes in Table I. No 
cholesterol effect is observed on collision between 
ANS and the 5-SASL doxyl group either in egg- 
yolk PC membranes or in DMPC membranes. The 
colision rate of ANS and the 16-SASL doxyl 
group in 30% cholesterol-DMPC membranes is 
about 30% smaller than in DMPC membranes. 
This result should be contrasted with the collision 
rate of ANS and the 16-SASL doxyl group mea- 
sured in egg-yolk PC and egg-yolk PC-cholesterol 
membranes. The collision rate is similar in these 
membranes, indicating that the influence of 
cholesterol observed in DMPC membranes is not 
present in egg-yolk PC membranes, in agreement 
with our previous results which showed that un- 
saturation of alkyl chains greatly moderates 
cholesterol effects on membranes [21]. 

Quenching of ANS fluorescence by other spin 
probes, Tempo, Tempol, and Tempocholine which 
show various solubilities in the membrane was 
examined to obtain more information on the lo- 
cation of ANS in the membrane. The molecular 
weights of these spin probe molecules are rela- 
tively small compared with those of phospholi- 
pids. Their solubility in membranes decreases in 
the order of Tempo > Tempol > Tempocholine. 
Fig. 4 indicates that the collision rate decreases in 
this order. Thus it is concluded that the naph- 
thalene ring of ANS is located in the hydrophobic 
region of the membrane. The results shown in Fig. 
3 are consistent with the location of the naph- 
thalene ring between the depth of CSL and 5-SASL 

100 
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~ 6o 
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t 20 
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o 
0 20 40 60 80 

Spin Label Concentrations (mM) 

Fig. 4. ~'-1 _ ~'0 x of  ANS plotted as a function of added spin 
label concentrations. Spin labels are Tempo (O) ,  Tempol (zx), 
and Tempochohne (D). 
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doxyl groups, probably a little above 5-SASL 
nitroxide moiety, because collision rate of ANS 
with 6-SASL is much smaller than that with 5- 
SASL. 

D i s c u s s i o n  

Since information on bimolecular collision rate 
is important in understanding chemical reactions 
occurring in biological membranes, and since 
translational diffusion of molecules in membranes 
can be estimated from bimolecular collision rate, a 
variety of techniques have been utilized to obtain 
bimolecular collision rate in the membrane. These 
techniques can be classified on the basis of the 
characteristic time-scale associated with the tech- 
nique which limits its sensitivity to molecular 
processes with comparable time constants. The 
characteristic time-scales of the methods using 
spin labels as probes, such as line broadening by 
spin labels [13], saturation recovery observation of 
collision rate with molecular oxygen [1], and elec- 
tron-electron double resonance detection of colli- 
sion between spin labels [14,15], are limited by T 1 
(10 -6 s) and T 2 (10 -8 s) of spin labels. The 
characteristic time-scales of NMR [16], diffusion- 
enhanced fluorescence energy transfer of terbium 
and europium [17] and excimer formation of 
pyrene [18-20] are in the order of 10-t, 10-3, and 
10 -7 s, respectively. Quenching of ANS fluores- 
cence involves the shortest time-scale among these 
methods because it is based on the excited-state 
lifetime of a fluorescence molecule (= 10-9-10 -8 
s). This feature makes dynamic fluorescence 
quenching method unique because it is only sensi- 
tive to fast processes. Since direct observation of 
the excited-state lifetime and its reduction by col- 
lision with the nitroxide of spin labels (dynamic 
quenching) was carried out, this technique only 
detects motion of ANS and spin albels that makes 
these molecules which are outside the interaction 
range at the time of flash lamp excitation come 
into contact in the time-scale of 10-9-10 -8 s. 

Translational (lateral) diffusion is the rate- 
limiting molecular process for bimolecular colli- 
sion that is measured by other spectroscopic tech- 
niques. However, translational diffusion alone 
cannot explain the profile of collision between 
ANS and SASL in the membrane shown in Fig. 3. 
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In addition, translational diffusion is not suffi- 
ciently fast to explain the collision rate between 
ANS and 5-SASL, whose nitroxide moiety must 
be located at about the same depth in the mem- 
brane as the ring structures of ANS. Assuming 
that the mutual diffusion constant of ANS and 
SASL (sum of diffusion constants for ANS and 
SASL) is 10 -7 cm2/s,  the range covered by the 
quencher molecule with respect to ANS durin~ the 
excited-state lifetime of ANS is about 6 A in 
radius, which is only 1.5 lipid molecules away. 
According to the theory developed by Trauble and 
Sackman [13], mutual diffusion constant of 10 -7 
cmZ/s should give QP10 of 1.9.107 s-1. This ex- 
plains only 33% of the observed collision rate 
between ANS and 5-SASL (5.7.107 s -1, see Table 
I and Fig. 3). 

By using fluorescence photobleaching recovery 
technique, we have previously shown that the 
presence of 30 mol% cholesterol decreases lateral 
diffusion of NBD-PE in DMPC membranes by a 
factor of 4 at 26°C [21]. However, dynamic 
quenching of ANS fluorescence by the 5-SASL 
nitroxide was not affected (or even slightly in- 
creased) in the presence of 30 mol% cholesterol in 
the membrane as is shown in Figs. 2 and 3. Based 
on these data and the discussion in the previous 
paragraph, it is concluded that other molecular 
processes in addition to translational diffusion 
play key roles in determining the collision rate of 
ANS with the doxyl group of various SASL in the 
membrane.  

Fig. 3 shows important  contribution of gauche- 
trans isomerism to dynamic ANS fluorescence 
quenching. The larger effect of 16-SASL than 9-, 
10- and 12-SASL may be due not only to larger 
probabili ty of approach of the doxyl ring to the 
membrane  surface but also to the larger volume 
swept by the 16-SASL doxyl ring during unit time. 

Various types of motion that may induce dy- 
namic fluorescence quenching of ANS are sche- 
matically summarized in Fig. 5 (tilt of alkyl chains 
is neglected in this figure for simplicity): (1) 
gauche-trans isomerism (G-T), (2) rotational diffu- 
sion of SASL about its long axis (R), (3) wobbling 
diffusion of the long axis (W), (4) vertical fluctua- 
tion (V 1, V2), and (5) lateral diffusion (L). The 
mobility is shown with respect to ANS. This 
schematic drawing is intended to show various 

5-SASL 16-SASL DMPC 

~CO0~N ++++~O,a, 0 
L ~ \ o!~- 

,:///77~-~3,////,,////.~J~ ~OOL,/////,,/////~,,////////////////////, 
Fig. 5. Various modes of SASL motion that induce collisions of 
the doxyl group of SASL and ANS in DMPC membranes. 
G-T, gauche-trans isomerism: R, rotational diffusion of SASL 
about is long axis; W, wobbling diffusion of the long axis 
itself; V 1 and V2, vertical fluctuation which transverses the 
bilayer (V1) and that occurring in one side of the membrane 
(V2); L, lateral diffusion. 

collision mechanisms separately. In membranes,  
these motions are occurring simultaneously, en- 
hancing the collision rate by combination of vari- 
ous mechanisms, e.g., wobbling and gauche-trans 
isomerization. Rotational diffusion of SASL about 
its long axis must play an important role in de- 
termining the collision rate between ANS and the 
5-SASL doxyl group, while gauche-trans isomer- 
ism must be a critical factor for collisions between 
ANS and the 16-SASL doxyl group. The presence 
of 30 mol% cholesterol in DMPC membranes de- 
creases gauche-trans isomerism of alkyl chains 
without changes (or even with a slight increase) in 
the rotational diffusion of the long axis of SASL 
as is shown in Fig. 3B *. Incorporation of 30 

* Our data in Fig. 3 indicate that the location of ANS in the 
membrane is just above the 5-SASL doxyl group because the 
collision rate of the 6-SASL doxyl group is much smaller 
than that of 5-SASL and the collision rate of cholestane spin 
label and Tempo-PC ntiroxide groups is smaller than that of 
the 5-SASL doxyl group. Since the spin density on carbon 
and hydrogen atoms on the stearyl chain of 5-SASL is 
negligible except on position C-5, the collision between ANS 
and the 5-SASL doxyl group must be induced by motion. 
Rotational diffusion of 5-SASL about its long axis must be 
quite effective in causing quenching because the Pz orbital of 
the nitroxide group is extending in the direction of the 
membrane normal as depicted in Fig. 5. Gauche-trans 
isomerism and wobbling are not very effective in moving the 
doxyl group on 5-SASL toward the location of ANS. 



mol% cholesterol in egg-yolk PC membranes does 
not change either rotational diffusion or gauche- 
trans isomerism of SASL. These results are in 
agreement with our previous results [21], showing 
that cholesterol affects phosphatidylcholine mem- 
branes with saturated alkyl chains and incorpora- 
tion of unsaturation in the alkyl chain greatly 
moderates the effect of cholesterol. 

In summary, dynamic fluorescence quenching 
by spin labels is shown to be a sensitive monitor 
of lipid mobilities in membranes. With proper 
selection of spin labels, it is possible to observe 
one class of motion preferentially over other classes 
of motion: rotational diffusion with 5-SASL, wob- 
bling diffusion of the long axis with androstane 
spin label and 7-SASL, and gauche-trans isomer- 
ism with 16-SASL. Observation of dynamic 
quenching of ANS fluorescence by various spin 
labels helps to understand a variety of lipid mobil- 
ities in membranes shown in Fig. 5 in detail. By 
using this technique, collisional profiles across the 
membrane between ANS and SASL doxyl groups 
were obtained in DMPC and DMPC-cholesterol 
membranes. It is shown that the presence of 30 
tool% cholesterol decreases segmental motion but 
not rotational motion in saturated (DMPC) mem- 
branes, and that it does not affect either segmental 
or rotational motion of alkyl chains in unsaturated 
(egg-yolk PC) membranes. 
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