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ABSTRACT: A technique has been developed, based on polarized
fluorescence intensity measurements, for studying the orienta-
tion and motion of fluorescent probes incorporated into lipid
bilayers. The behavior of a series of seven such probes, chosen
for their differences in rigidity, shape, and size, has been stud-
iad in multibilayers prepared from a selection of phospho-
lipids. It was found that the prcbes were all oriented to a
greater or lesser extent. All showed a distribution of orienta-
{ions which in many cases was sensitive to structural changes

I)hysical techniques have provided much useful informa-
tion about iipids in natural and model membranes. In par-
ticular nuclear magnetic resonance (Lee er al., 1572; Chan
et al., 1972; Oldfield and Chapman, 1971a; Darke er al.,
1972), electron spin resonance (Butler er al., 1970; Kornberg
and McConnell, 1971; Griffith er a/., 1971), X-ray diffraction
(Luzzatti, 1968), and calorimetry (Chapman er al., 1967) have
enabled the motion and geometry of the component lipids to
be examined as well as the effects of such biologically signifi-
cant molecules as cholesterol (Butler er al., 1970), anaesthetics
(Patterson er al., 1972) and antibiotics (Hauser er al., 1970).
Since it is now certain that phospholipid bilayers are an im-
portant component of biological membranes their study can
contribute much to our understanding of the whole mem-
brane.

The utility of fluorescent molecules in membrane studies is
well established (Chance er a/., 1971). A frequent approach
has utilized the dependence of fluorescence parameters of
molecules such as ANS? or TNS on the apparent solvent po-
larity (Chance er al., 1971) or solvent correlation time (Maz-
urenko and Bakhshiev, 1970; Anufrieva er al., 1970) as well
as their binding dependence on membrane ionic state. These
studies have sought to correlate changes in fluorescence in-
tensity with membrance associated events such as electron
transport (Chance, 1970), structural transitions (Jones er al.,
1969), and photosynthesis (Azzi et al., 1971). In a previous
paper (Badley et /., 1971) we presented a new method for ex-
amining suitable two-dimensional systems such as lipid multi-
bilayers to determine the orientation and motion of fluorescent
molecules included therein. The present work was undertaken
to determine the relation between the behavibdr of fluorescent
probes and lipid bilayers containing them. The orientation
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caused by cholesterol addition, lipid type, or temperature.
Most of the probes displayed a superimposed rapid, but re-
stricted, oscillatory motion which was also sensitive to struc-
tural changes in the bilayers. However, the probe’s own struc-
ture influenced its behavior in a particular lipid. The use of
such molecules for studying membranes is discussed with
special reference to the local perturbations thought to be
caused by the probes, the application to intrinsic fluorophores
and the study of single cell membranes.

and motion of several probes in a variety of phospholipid
multibilayers were examined. The probes were chosen in an
effort to sample different regions of the bilayers and in many
cases contained a lipid anchor. A subtle combination of size,
rigidity, chemical, and shape properties appeared to determine
their behavior, in addition to the properties of the bilayer
lipids.

For several aromatic probes a considerable degree of free-
dom was observed which probably reflects their ability to
create or utilize space within bilayers. Nevertheless the motion
of most of these probes was still very severely restricted in
contrast to that in hydrocarbon solution.

Materials and Methods

Egg lecithin, phosphatidylserine, and sphingomyelin were
obtained from Lipid Products Ltd. (Epsom, England). Egg
lecithin was also prepared from hen eggs by chromatography
on alumina and silicic acid. Dipalmitoyllecithin was a product
of Mann Research Laboratories, New York, N. Y. Cholesterol
(Steraloids Inc., Pawling, N. Y.) was.recrystallized from meth-
anol. All lipid solutions were stored-in chloroform at —30°
and were pure as judged by thin-layer chromatography.

The compound 2,2’-(vinylenedi-p-phenylene)bisbenzoxazole
was generous gift from Dr. G. McGraw of Tennessee East-
man Co. N-Dansylphosphatidylethanolamine, 12-(9-an-
throyl)stearic acid, and AN-octadecylnaphthyl-2-amino-6-sul-
fonic acid were prepared according to Waggoner and Stryer
(1970). N,N’-Di(octadecyl)oxacarbocyanine was prepared ac-
cording to Czikkely er al. (1969). 1-Anilino-8-naphthalene-
sulfonate (ammonium salt) was a product of Sigma Chemical
Co. (St. Louis). d-3-Aminodesoxyequilenin was prepared ac-
cording to Bachmann and Dreiding (1950) from d-equilenin
(Steraloids Inc.). Structural formulae of the probes are shown
in TableI.

Phospholipid multibilayers were prepared by two methods.
In one, a chloroform solution of lipid (1 mg in 0.1 ml) +
probe (if any) was slowly dried down onto one long face of a
3 % 3 % 1 cm polished quartz block using a stream of wet
nitrogen. The film was then kept in a vacuum for 2 hr to re-
move residual chloroform. Hydration was carried out ecither
by exposure for 2--3 hr to nitrogen saturated with water vapor
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FIGURE |: Diagram of the apparatus used to make the polarized
fluorescence intensity measurements; from the top (a), the cell
compartment (b), and from the side (c). Xenon arc (Xe), mono-
chromator (M), lens (L), filter (F)), polarizer (P,), outside shell
(08), inside shell (IS), cuvet (Cu), slide (S), mask (M), filter (Fy),
polarizer (Py), photocathode (PC), photomultiplier (PM), power
supply (PS), microammeter (A), locking collar (C), scale (Sc),
slide holder (H), hale in mask (Ho), movable suppart (Su).

or by dipping in buffer solutions. The film was then com-
pressed between two quartz blocks, care being taken to ensure
optical contact between lipid and quartz and also that no ex-
cess water was present, In the other method the lipid solution
was similarly dried down, but onto a glass cover slip (40 x
22 % 0.15 mm), dried under vacuum and hydrated in buffer
solution. All the probes were present in the bilayers at suffi-
ciently low concentrations that energy transfer did not occur
(probe diluted until I,/ yielded a constant low value; see
below).

Several films containing the fluorescent probes were ex-
amined on the cover slips by X-ray diffraction by Dr. A, W,
Hanson, whom we thank. They were maintained at high rela-
tive humidity in an air-tight cell with X-ray transparent win-
dows. A narrow beam of Cu Ka radiation was allowed to
impinge on the specimen at a variable, small angle to the sur-
face and the detector (a scintillation counter protected by a
0.8-mm slit) was placed to measure the Bragg reflections from
planes paraliel to the surface.

Uncorrected excitation and fluorescence spectra were ob-
tained with a double monochromator instrument of conven-
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tional design using a stabilized dc¢ xenon arc (150-W Bausch
and Lomb), EMI 6256A photomultiplier, and Keithly 610A
electrometer. Spectra were corrected according to Weber and
Teale (1957). Fluorescence lifetimes were measured either
with a TRW decay time fluorometer (El Segundo, Calif.) or
with a single photon counting instrument, for which thanks
are due to Dr. F. R. Lipsett. Fluorescence polarizations were
measured in the variable geometry instrument (see below)
using a conventional right-angle arrangement together with a
4.5 X 1 X 1 cmcuvet,

Polarized fluorescence intensities were measured in an ap-
paratus in which the configuration of detector, light source,
and sample are easily varied. A diagram of the apparatus is
shown in Figure 1. The lamp (Xe), monochromator (M),
filter (F)), lens (L), and polarizer (P,) are used to produce a
clean high-intensity, narrow, parallel beam of polarized light.
P; and P; can be set in both horizontal and vertical positions.
The sample compartment was machined from brass and
allows both the quartz sample blocks (cvia a magnetic holder)
and cover slips (inserted into a spring clip and incorporating
a partial mask to cut out scattered light from the edges of
glass and film) to be mounted, vertically, from above. Their
direction can be set from outside the compartment to any de-
sired angle (£:2°). Normal 4.5 X 1 X 1 ¢cm quartz cuvets can
be used in a small adapter when necessary. The cover slips
were immersed in a buffer solution contained in a 3 X 3 X
6 cm glass cuvet. This reduces the refractive index difference
between medium and lipid (or glass) and hence the angle for
grazing incidence of the light beams. The photomultiplier was
an EMI 6256 A which has a high sensitivity and very low dark
current, as well as a small (1-cn1) photocathode to reduce the
cone of light collection. Provision was made in its housing for
a filter (Fy) and polarizer (P,). The whole unit was mounted on
a swinging arm that could be turned through 90~

Corrections were applied to the measured intensities to
allow for the variation in monochromator transmission of
horizontally and vertically polarized light. The transmission
of polarized light beams through plane surfaces not at a right
angle to the light beam depends on the direction of polariza-
tion, the angle, and the refractive index difference between
the two sides of the surface. The necessary corrections (less
than 2097) were calculated from the equations found in
Jenkins and White (1937) and tested by using a random rigid
array of probe in a solid, amorphous film (a viscous, cold
(0°) solution of VPBO in glycerol). Measurements were always
taken by comparing the intensity of interest to that with both
polarizers vertical (/,.). Since /.. can be measured for any
combination of geometries, the changes due to sampling
angle, reflections, and trivial absorption of exciting and
emitted light are cancelled out.

Polarized Fluorescence Intensity Experiment

The fourth moments of the orientation distribution func-
tion of a fluorescent molecule incorporated into an ordered
structure can be determined from the polarized fluorescence
intensities. As shown by Desper and Kimura (1967) all the
intensity information is contained in a matrix or grid of nine
intensity values, I;; (/, j = 1-3), obtained by taking the differ-
ent combinations of excitation ({) and emission (i) polariza-
tion directions parallel to the / and j axes of a Cartesian co-
ordinate system, X, X.X, (Figure 2), set in the sample.

I f)» /;:;‘
I = [o ©Ln Ly
[:;1 [;"! [15??‘
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TABLE 1I: Definition of the Calculated Models.

Deviation
Model &° ¢° y° 6° Type?®
1 0-2 ™ 0-2 ™ 0“’Ymax O_Bmax iV
2 027 027  Oymex  Omin-90° iv
3 027 02 0—Ymax Fixed 8 iv
4 027 027 Fixed v 0—0umax i~ii
S 0-2nr 0-2r Fixed v Fixed 6 I-iii

¢ Angles defined in the text. ° See text.

Analysis of the case where a nonmobile fluorescent probe has
a single, fixed linear oscillator for both absorption and emis-
sion has been carried out (Desper and Kimura, 1967). Biaxial
(the X1X;, X1X;, and X,X; planes are planes of symmetry for
the distribution function) or uniaxial symmetry (cylindrical
symmetry around a preferred axis, normally X;) was as-
sumed.

The present study extends the treatment for uniaxial models
to nonideal situations and more complex distributions. Four
sources of such behavior have been considered: (i) nonparallel
absorption and emission dipoles, (ii) resonance energy trans-
fer between nonparallel probes, (iii) slow motion of the probe
during a probe’s fluorescence lifetime, and (iv) fast but re-
stricted motion on the same time scale.

To consider these cases two further angles are required in
addition to the two (8 and ¢) already used (Desper and
Kimura, 1967). The angle between the absorption and emis-
sion vectors is v, and & the aximuthal angle of the emission
vector around the absorption vector. This azimuthal angle is
considered to be randomized in all the cases mentioned and
will not be discussed further. For the rapidly moving cases,
(iv), v is considered to lie, with equal probability, at any posi-
tion between 0° and a chosen maximum, Ymax.

The nine relative fluorescence intensities are easily calcu-
lated from trigonometrical relations, in terms of 6, ¢, 8., and
¢e (Figure 2), remembering that the intensities are propor-
tional to the squares of the appropriate vectors. In general the
intensities are as shown where fences denote averaging over a
chosen angular distribution.

X3

\x

FIGURE 2: The Cartesian coordinate system (OX;X:2X;) used to
define the angles 6, 8., v, ¢, and a.. OA and OE represent the ab-
sorption and emission vectors.

2
x|

types i—iii both conditions fail. Here the oscillators are con-
sidered to have moved through a fixed angle, v, during the
fluorescence lifetime (models 4 and 5). (3) For nonideal be-
havior of type iv, only the first condition fails. I/l > 1/3.
Here the rotational diffusion of the oscillators is considered
to be rapid compared to the lifetime, but restricted in angular
range; the absorption and emission oscillators are randomized
within the defined solid angle. v takes any value between 0°
and Ymex (models 1-3).

That nonparallelism of absorption and emission vectors or
energy transfer are not responsible for any observed increase
in Iy /I from 1/3 can be tested by determining /1»/I;; in a dilute
viscous solution of the probe and by diluting the dye in the
lipid layers, respectively. Rapid and slow motion can then be
distinguished by comparing I;; with 1, # j).

Mention should be made of the experimental difficulties in
making the type of measurement described above. Certain
intensities required a ‘“‘straight-through’ geometry which is of
course impossible, However, by using quartz blocks, or by
matching the refractive indices of lipid and surrounding me-
dium, the critical angle for reflection was reduced to the order

I(sin? 8 sin? ¢ sin? 4, sin? ¢.) (sin? 6 sin? ¢ sin? B, cos? ¢.) (sin? @ sin? ¢ cos? G.)
I = |{sin? § cos? ¢ sin? @, sin? ¢.) {sin? @ cos? ¢ sin? G, cos? ¢.) (sin? § cos? ¢ cos? f.)

{cos? @ sin? 8, sin? ¢e)

In order to put these expressions into a form suitable for
averaging by integration, the following two relationships were
used: (1) cos §. = cos 8 cos ¥ + sin 6 sin v cos 8 and (2) sin 6.
€OS ¢ = €OS ¥ sin f cos ¢ — sin v cos & cos § cos ¢ — sin ¥y
sin & sin ¢. Using these expressions I; becomes, for example,
cos* 8 cos? vy + cos? 8 sin? @ sin? y cos? vy + 2 cos v cos® §
sin v cos 8 sin 4. This expression can then be integrated over
the chosen distribution. Symmetry conditions show that the
hemispherical calculation is applicable to the total array. The
models which have been calculated are listed in Table II, and
the results are shown in Figures 3 and 4.

Examination of the calculations shows some useful general
results. (1) Ideal behavior is characterized by two conditions:
Iy/In = 1/3 (equivalent to p = 0.5 in normal fluorescence
polarization); I;; = I,; (i # j). (2) For nonideal behavior of

{cos? @ sin? B, cos? ¢e)

{cos? 6 cos? ) |

of 10°. In critical cases, an empirical extrapolation back to 0°
was carried out using the calibrated movable detector. Also,
sufficiently thin films are needed so that very little scattering
can occur. This is particularly so for films of charged lipids
which swell upon hydration.

Reproducibility of measurement depended on film stability,
and the particular intensity being measured and was better
within than between films. Iis/lss, In/l, and ©1/I:» were repro-
ducible =5% within and between films. The remaining inten-
sities were generally reproducible within =159. However by
repeating measurements on many films (~10) differences of
5 % could be detected. In cases where 113/122, 123/122, 131/122, and
I/l appeared equal within the limits outlined above, the
average of all the values is shown in Table I to illustrate the
symmetries of the grid.

BIOCHEMISTRY, VOL. 12, No. 2, 1973 271
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FIGURE 3: Calculated fluorescence intensities for models 1 (a, b, and ¢; —-), 3(a, b, and ¢c; - ~ -)and 2 (d, e, and f).
Results for choosing this model is that it is difficult to see how a mole-

X-Ray Diffraction. Well-defined Bragg reflections were
obtained with all specimens examined. From 6 to 11 orders
were noted. Such reflections demonstrate that all or part of
the specimen was organized as a multibilayer system with
parallel equally spaced lamellae. It was noted that the ap-
pearance of the film, often apparently pitted, did not affect
the ability to cause strong X-ray reflections.

Fluorescence of the Probes in Lipid Muliibilayers. Fluores-
cence matrices for the probes in egg lecithin and egg lecithin—
cholesterol (1:1) multibilayers hydrated with 50 mm NaCl
(pH 6) are shown in Table I together with the excitation wave-
length, probe concentrations, filters, type of film holder, and
the probe lifetimes. Also included are values of 6 and v esti-
mated from the indicated models. The significance (2-15°) of
differences in these angles depends on the part of a particular
model being used, e.g., compare the left and right hand sides
of Figure 4h. In all cases it was possible to estimate the cause
of the observed nonideal behavior, For all probes, except
DPE, a rapid restricted motion had to be invoked together
with a varying degree of nonparallelism of abosrption and
fluorescence vectors. It was found that a model with a distri-
bution of # and ¥ was the only one which would fit the results
in some cases (notably VPBO) and therefore this type of
model was alsc used in cases where either a fixed value or a
distribution of 6 would fit the results. An additional reason

272 BIOCHEMISTRY, VOL 12, No. 2, 1973

cule apparently undergoing rapid motions (variation in =)
could maintain a constant value of 6 at the same time. The
DPE consistently appeared to fit better a model using a slow
motion of the probe, since I1; # Iy, but the difference was mar-
ginal due to the wide distribution of 8. To obtain an idea of
this distribution model 2 was used.

In order to indicate the procedure involved in analyzing a
fluorescence matrix an example is given by using the result
for CY in lecithin (Table I). Firstly, 31,2 > I... The possible
causes, i-iv, of this depolarization are outlined in the previous
section. By comparing 73 and I types i-iii are eliminated
leaving some form of rapid but restricted motion as the de-
polarizing factor. Since I,/k» is <1, a majority of the probe
vectors must be lying towards the bilayer plane and models
2 and 3 are appropriate. By using /i./l.» a possible range of
Ymax 15 obtained from Figure 3a,d. Iss/fs and lis/l» are used
together with the ranges of yu.x to obtain a range of 4 or
Buin (Figure 3b,c,e,f). Repeating this cycle by putting the ¢
values back into Figure 3a,c provides more specific values of
both Ymax and 8 or .i,. Since agreement of the 8 or fuin
values obtained from I/l and I,4/1 is better for mode! 2,
this is the one used.

Most of the probes listed in Table II do not have parallel
absorption and emission vectors. The deviation was estimated
by measuring the polarization of the fluorescence of each dyc
dissolved in glycerol at a concentration where no encrgy



FLUORESCENT PROBE BEHAVIOR IN LIPID BILAYER MEMBRANES

[ o ﬂ
22k .
1.8}
1 14
I22
10
08
0.6 B
04
02 4
% 30 ;(o) &0 %
8,0l
|5 ‘f
22 22t i
. Y=0u -
30°
18 18- //45. 1
e
14 (4 - 80° 4
L In ]
L T
10 1o .
08 1.8 4
06 o8- .
04 04+ N
02 02
0 E 0 °% 0 90

8(%)

T
40 40-
300 30
Ly |
Is T
IZZ 22
20" 20t
08 08
04 04|
o 0
T T
- q % |2».
22 A -
o-
18- 1
y:90° 8-
L cor Iy |
2 L6l
10 .
18 . 4
'er 30° i
14} S 2-
02
O35 9 30 %

6 ()

FIGURE 4: Calculated fluorescence intensities for models 4 (a, b, ¢, and d) and 5 (e, f, g, and h).

transfer could occur. The fluorescence spectra of the probes
in glycerol and in the lipid films were similar. Application of
Jablonski’s (1935) equation yields the appropriate angle
which is indicated on Table I. This angle is implicitly included
in the values for ¥ derived from the matrices. Subtraction
from 4 or vuax yields the actual motion to a first approxima-
tion. A “chromophore long axis’’ has been arbitrarily assigned
to each probe (see Table I) to facilitate discussion of its orien-
tation distribution.

Table III shows the behavior of VPBO in several different
lipid systems, all of which yielded strong X-ray diffraction
patterns indicative of the presence of plane, parallel bilayers.
The values of 6rax and ymax are derived from model 1. The
effect of temperature is also presented for VPBO in dipalmi-
toyllecithin films. Model 1 was again used.

Discussion

Three types of orientation distribution were noted. Firstly
there is the very restricted distribution of CY with the long
axis of the chromophore lying in the plane of the bilayer.
Secondly there is a distribution of probe long axes centered on
the normal to the bilayer plane and including all angles from
zero to some maximum (VPBO, AS, ONS, EQ). Thirdly there
is a distribution centered on the plane of the bilayer and ex-
tending away from this to some minimum value of § (DPE,
ANS). An original prediction (Badley er al., 1971) that rigid

molecules with the large axial ratio will have a narrower dis-
tribution than those without does not necessarily appear to be
valid (compare EQ and ONS, VPBO and AS). The large dis-
tributions are thought to reflect slow motions of the probes on
the nanosecond time scale rather than fixed arrays. This would
correlate with known microsecond motions of the fatty acid
chains of phospholipids as determined by nuclear magnetic
resonance (Chan et al., 1972),

The bilayer structural changes caused by cholesterol (Butler
er al., 1970) can have differing effects on the various probes.

TABLE I11: VPBO in Various Lipid Multibilayers.®

Llpld (at 20 °) emax Amax

Egg lecithin 80 30
Egg lecithin + cholesterol (1:1) 67 28
Dipalmitoyllecithin 62 28
Dipalmitoyllecithin + cholesterol (1:1) 71 30
Dipalmitoyllecithin (45°C) 80 33
Sphingomyelin 82 30
Sphingomyelin + cholesterol (2:1) 73 33
Phosphatidylserine 71 25

® Angles estimated from model 1.

BIOCHEMISTRY, VOL. 12, No. 2, 1973 273



The distribution for 8 of one interior probe, VPBO, is nar-
rowed (solid angle decreased by one-quarter) while that for
another, AS, is hardly affected. Even more variability occurs
with surface probes. There was no effect on ANS or EQ.
However, DPE tended to become randomly distributed while
the range for ONS decreased slightly. These differences in
response show that the probe can influence its own distribu-
tion. Nevertheless, probes can be sensitive to lipid structural
parameters, as illustrated by the variation in 8., of VPBO in
bilayers of differing composition and temperature (Table III).
Systems such as egg lecithin plus cholesterol or dipalmitoyl-
lecithin at 20° yielded a narrower distribution compared to
those which may be considered less ordered, egg lecithin and
spingomyelin (Oldfield and Chapman, 1971b). In addition,
differences due to the well characterized phase changes of
dipalmitoyllecithin bilayers at approximately 40° (Chapman
et al., 1967) and to the effects of cholesterol (Oldfield and
Chapman, 1971b) could be detected. Comparison of the
effects of cholesterol on egg and dipalmitoyllecithin at 20°
shows that its addition causes opposite effects on the distri-
bution of §. This correlates with the spin label results of Old-
field and Chapman (1971b). In general the results showed that
the range of 8 of a probe tended to increase whenever lipid
chain mobility increased as measured by other techniques
such as nuclear magnetic resonance (Darke et «/., 1971; Lee
et al., 1972), electron spin resonance (Hubbell and McConnell,
1971; Butler er al., 1970; Oldfield and Chapman, 1971b) or
permeability of bilayers (Demel er al., 1972).

All the probes, except DPE, show the apparent rapid re-
stricted motion in lecithin multibilayers. The extent varies
from 10° to 30° (CY, EQ). A mobile linkage between chromo-
phore and lipid anchor results in considerable motion (AS,
ONS) whereas the rigid probes can exhibit either little (CY,
VPBO) or a good deal of motion (EQ). Addition of cholesterol
to egg lecithin caused varying effects on v, depending on the
probe, as found also for 6. AS showed a small decrease while
VPBO, the other interior probe, was unaffected. Two of the
surface probes (ONS and EQ) were unaffected by cholesterol
while ANS showed a 309 decrease in v..x, and the rapid
motion of CY was apparently stopped altogether. Changing
lipid composition or temperature also had little effect on
Ymax for VPBO. In general, however, the range of v, like that
of 4, tended to increase when the other techniques (nuclear
magnetic resonance, electron spin resonance and permeability)
indicated increased chain mobility. Even for the largest
amplitudes of v, the rotational freedom of the probes was still
severely restricted relative to that expected in hydrocarbon
solution.

The apparent rapid oscillations of many of the probes is
attributed to the existence of holes or free space within lipid
bilayers. The existence of such free space of the volume of one
or two methylene groups has been postulated to account for
the diffusion of water and other nonelectrolytes through lipid
bilayers by Stein (Lieb and Stein, 1969) and Triauble (1971).
Such holes are thought to arise from imperfections in the
packing of fatty acid residues caused by twisting around single
C-C bonds or the presence of C=C bonds. The introduction
of lipid-soluble molecules, such as the fluorescent probes,
which have structures differing from that of the surrounding
molecules would also cause further imperfections in packing,
and effectively produce sufficient room for the observed mo-
bility. Such perturbation raises the question of the possible
“Impurity”” nature of the probes. This same question has re-
cently been discussed in relation to spin labels by Henry and
Keith (1971) and by Chan er a/. (1972). In seems probable
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that the aromatic molecules studied here perturb their local
environment to the extent that considerable freedom of move-
ment is shown without disturbing the overall geometry of the
bilayer as detected by X-ray diffraction or calorimetry. Fur-
ther, such molecules would still be expected to be sensitive to
changes in lipid organization and motion since the energies of
activation for both rapid (yielding v) and slow (yielding 6)
probe motion would be affected by these lipid properties. The
fact that both the distribution and motion of the probes can
vary with lipid composition or temperature is in accord with
this view,

It is obvious that lipid orientations and motions cannot be
determined directly with probes producing perturbations in
packing and probe behavior will only reflect to a greater or
lesser extent the actual situation. Differences in the probes
molecular structures affect the nature of the information ob-
tained, as would be expected, since the packing imperfections
caused by the probes will depend on their size, rigidity, and
shape. For example, two of the surface probes ONS and ANS
show opposite effects upon addition of cholesterol to egg
lecithin. In the former case the distribution of 8 widens while
Ymax 18 unchanged but in the latter case vymax decreases and
f.ax Temains constant. Obtaining the most direct correlation
between probe and lipid properties would seem to require that
the probes pack isomorphously. To obtain information about
lipid orientations the probe would also have to be rigid in the
region of interest, highly asymmetrical, with one polar end,
and have both transition moments parallel to the long axis.
On the other hand, to study lipid motions the chromophore
should be as small as possible but rigidly attached to the sec-
tion of interest. When, as normally occurs, the condition of
isomorphous packing is not met, probes can be expected to be
of greatest use in looking at the more dynamic aspects of mem-
brane behavior where the focus is on change rather than on
absolute values of some membrance parameter. Using fluoro-
phores does allow both very low concentrations and very fast
measurements.

One way to avoid the difficulty of probe-induced perturba-
tions is to utilize intrinisic probes, i.e., fluorescent lipids oc-
curring naturally in a membrane. The detection of fluorescent
molecules, possibly steroids, in brain lipid extracts (Khan and
Hess, 1971) is noteworthy in this respect. The mathematical
formalism developed for the bilayer is general and can be ap-
plied to any planar system. Thus, non-lipid constituents of
natural or model membranes can be used as intrinsic probes,
e.g.. the tryptophan residues of peptides and proteins, anti-
biotics, or the flavine component of membrane-bound en-
Zymes.

As has been shown elsewhere it is also possible to look at
single bilayers (Yguerabide and Stryer, 1971) and it does not
seem unreasonable to suppose that study of parts of mem-
branes of single cells could be undertaken using appropriate
fluorescence microscopic techniques, with either intrinsic or
extrinsic probes.

In the multibilayer system laid down on the glass or silica
surfaces there is the possibility that other phases may be pres-
ent. This would not easily be detected by X-ray experiments.
In the present experiments it is thought that this is not the case
because a comparison can be made to a single bilayer. Polar-
ized fluorescence intensities from such a system have been
measured using a slightly different technique (Yguerabide
and Stryer, 1971) for CY and AS as well as 1,4-bis[2-(4-
methyl-5-phenyloxazolyl)]benzene scintillator (which structur-
ally and spectrally is almost identical with VPBO). Oxidized
cholesterol in octane was used to form the bilayer. The intensi-
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ties obtained yield very similar probe distributions and motions
compared to the same molecules in lecithin multibilayers, after
similar processing. The presence of other phases would tend
to randomize the distribution, and particularly in the case of
CY this seerns not to occur. Additional evidence that only a
lamellar phase was present with the lamellar planes parallel to
the substrate surface is provided by comparison of the results
obtained for samples with and without compression. The
plane of cleavage of a lamellar phase lies along the lamellar
plane and crushing of liquid crystalline structures between
two flat surfaces would be expected to cause orientation of
these planes parallel to the surfaces. Identical results were ob-
tained by this compression method and by evaporation of
solvent from the lipid. In addition spin-label data on lipid
films prepared in similar as well as slightly different ways
(Butler er al., 1970; Libertini er al., 1969; Seelig, 1970) are all
consistent with almost all of the lipids being in a plane, parallel
array.

In summary it has been shown that it is possible to measure
the fluorescence matrix, or grid, of a suitable fluorescent sam-
ple and to obtain orientation and motion information there-
from. The rapid restricted motion exhibited by a number of
fluorescent probes together with the presence of probe spe-
cific effects suggests that the probes could be acting as per-
turbants. Therefore such molecules would seem to be more
useful in studying changes in bilayer properties, rather than
for making absolute measurements. Application of the treat-
ment presented to intrinsic and extrinsic probes in natural
and model membranes has been pointed out.
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