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ABSTRACT Anthracene is a fluorescent
and photoactivatable (dimerization)
group which can be used for investigat-
ing the lateral distribution and dynamics
of lipids in membranes. In fluorescence
recovery after photobleaching or in
microphotolysis experiments, and
when using this fluorophore, the
bleaching (or microphotolysis) step in
the illuminated part of the membrane is
in fact the sum of two antagonistic
processes: fluorescence decay, which
is due to dimerization of anthracene
residues, and fluorescence recovery,
which is due to a diffusion mediated
exchange of bleached and unbleached
particles between the illuminated and

diffusion area in the membrane. Here,
we propose a new mathematical algo-
rithm that enables such a second-order
reaction-diffusion process to be ana-

lyzed. After coupling a fluorescence
recovery step to a microphotolysis
step, this algorithm allows us to calcu-
late the lateral diffusion coefficient D
and the photodimerization constant K
of anthracene-labeled lipids in mem-

branes, two parameters which contrib-
ute to the understanding of the fluidity
of the lipid phase in membranes. This
algorithm also provides us with a com-

plete description of the anthracene-
labeled molecules distribution in the
illuminated and diffusion area, at any

time of the experiment. The fluores-
cence recovery after microphotolysis
procedure we propose was tested with
an anthracene-labeled phosphatidyl-
choline inserted in egg-phosphatidyl-
choline multilayers, in monolayers ad-
sorbed onto alkylated glass surfaces
and in the plasma membrane of Chi-
nese hamster ovary cells. It is shown
that this procedure can also be used to
evaluate the important parameters of
probe mobile fraction and to determine
the relative size of the illuminated and
diffusion areas. This will enable mem-

branes to be explored in terms of
microdomains and/or macrodomains.

INTRODUCTION

It is now generally agreed that membrane lipid "fluidity"
plays a key regulatory role in the functioning of mem-
brane proteins (1). This complex parameter combines
structural (lipid conformational and rotational motions)
and diffusion aspects of the membrane lipid domain. It
can be investigated using a large variety of techniques
which, in a specific way, give information on one or

another of these aspects. For example, and after labeling
the lipid phase with an appropriate lipophilic fluorescent
probe, the first aspect which is often referred to as

membrane lipid "microviscosity" (2), can be investigated
by means of fluorescence depolarization measurements,
while the second can be studied via fluorescence recovery

after photobleaching (FRAP) experiments (3, 5).
Nevertheless, it has been shown that changes in mem-

brane lipid microviscosity are not necessarily correlated
with changes in the lipid lateral diffusion rate (4). There-
fore, it is important to describe the fluidity of lipids in
membranes in its various aspects, i.e., conformational,
rotational, and diffusional motions of lipid molecules.
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To investigate both the lateral distribution and motion
of intrinsic lipids in membranes, we have developed a new

photochemical technique using anthracene attached to a

fatty acid as a photoactivatable group (6, 7). This hydro-
phobic group, which is well suited for labeling the hydro-
phobic core of the membrane (8-10), is fluorescent, but
under illumination at 360 nm, it forms also 9-9', 10-10'
covalently bound dimers, which are not fluorescent. Thus,
after incorporation into membrane lipids, it can be used to
(a) study the lateral distribution of lipids in membranes
after photo-cross-linking of adjacent anthracene-labeled
molecules and subsequent identification of the photodi-
mers, (b) measure the lateral diffusion rate of the labeled
molecules using a FRAP technique, (c) investigate the
structure of the membrane lipid phase by measuring the
dimerization constant kd which characterizes the photodi-
merization reaction. Indeed regardless of photochemical
aspects, kd depends on the lateral mobility but also on the
rotational and conformational motions of lipid molecules
within the membrane.

9-(2-Anthryl)-nonanoic acid and various correspond-
ing anthracene-phospholipids have been synthesized (6).
Their physical and phase properties have also been inves-
tigated (6). The anthracene-fatty acid has been shown to
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be incorporated at a high rate into the various membrane
lipids of both prokaryotic (8) and eukaryotic (10) cells in
culture. This provides us with the great advantage of
being able to study, in situ, the phase behavior of constitu-
tive membrane lipids. A simple and versatile photo-
cross-linking method has been described for the determi-
nation of the lateral distribution of lipids in model and
natural membranes (7, 9), which has been successfully
applied to the bacterium Micrococcus luteus (9). A
FRAP technique, well suited for the study of anthracene-
labeled phospholipids has been developed (1 1). Combined
with metabolic incorporation of the anthracene-fatty acid
into membrane lipids, it has enabled the lateral diffusion
rate of intrinsic lipids in the plasma membrane of living
cells (Chinese hamster ovary cells) to be determined
(12).

Here, we present a new approach which, through a

single experiment, provides information about both the
structural and diffusion terms that enter into the defini-
tion of the fluidity of the lipid phase in membranes. This
approach uses anthracene-labeled lipid molecules. It is
based on a spatial and temporal discretization combined
with a new mathematical algorithm, which allows us to
evaluate the diffusion coefficient D and the dimerization
constant kd of the probe molecules from the fluorescence
signal that is obtained through fluorescence recovery
after continuous fluorescence microphotolysis experi-
ments. We also disclose some of the experimental difficul-
ties that are inherent to this methodology of continuous
fluorescence microphotolysis.

MATERIAL AND METHODS

Chemicals
n-Octadecyltrichlorosilane (Merck, Schuchardt, FRG, for synthesis)
and n-hexadecane (Fluka AG, Buchs, Switzerland) were used without
further purification. Synthesis of sn-I -acyl-sn-2 -(9-[2-anthryl]- nona-
noyl)-glycero-3 phosphocholine (EAPC) from egg yolk lysolecithin
has been described previously (6). Egg yolk phosphatidylcholine (egg-
PC) was obtained from Sigma Chemical Co., St. Louis, MO. 5-
(N-hexadecanoyl)-aminofluorescein (HEDAF) was purchased from
Molecular Probes, Eugene, Oregon. The purity of these compounds was
checked by thin-layer chromatography. Salts and solvents were of
analytical grade.

Lipid monolayers adsorbed on
alkylated planar glass surfaces
Before being alkylated, glass coverslips (2.4 x 3.2 cm2) were first
washed in hot alkaline detergent solution for 30 min and sonicated 30
min (600C) in a bath sonicator (80 KHz, heat ultrasonic system,
Ultrasous Annemasse, Paris, France). After washing with distilled
water, the glass slides were soaked overnight in chromic acid. Then they
were rinsed with distilled water, sonicated for 15 min in 1 mM sodium

hydroxide, rinsed again with distilled water, and finally dried, in vacuo
in a dessicator in the presence of phosphoric anhydride.

Alkylated glass slides were obtained by immersion of the clean and
dry coverslips into a 80% n-hexadecane, 12% carbon tetrachloride, 8%
chloroform, and 0.1% octadecyltrichlorosilane solution (13). After 15
min reaction under gentle stirring, the glass slides were removed and
then washed by immersion (three times) in chloroform. Alkylated
coverslips were stored in a dry atmosphere and used within 5-10 d after
preparation.
Adsorbed monolayers were prepared using a small trough

(5 x 2.5 x 0.8 cm3) milled from plexiglass. An alkylated coverslip was
fixed to the edges of the trough, in order to cover the monolayer surface.
The trough was filled with half the subphase volume required to fill it
completely. Lipids were spread in the form of chloroform/methanol 1:1
(vol/vol) solution, and the surface pressure was raised to the desired
value by stepwise addition of the lipids. After a 60 min period of
stabilization, the monolayer was leveled off by addition of the second
half of the subphase volume in order to bring the lipid monolayer and the
alkylated glass surface into contact. Care was taken to avoid air bubbles
between the glass and water surfaces.

Hydrated egg-PC multilayers
EAPC was added to egg-PC at a molar ratio of 0.5%. 2 mg of the lipid
mixture in chloroform solution and were deposited on a microscope slide.
The solvent was evaporated under reduced pressure. Lipids were
hydrated by immersing the plate in distilled water for 10 min at room
temperature.

Large domains of multilayers were obtained by pressing the hydrated
lipids between the slide and a coverslip at a pressure of 60 N/cm2 (14).
The preparation was then sealed with paraffin wax to prevent dehydra-
tion, and stored at 40C under a water saturated nitrogen atmosphere.

Membrane labeling by
phospholipid exchange protein
Chinese Hamster Ovary (CHO) cells were obtained from Dr. Simino-
vitch, (Toronto, Canada). They are routinely grown in suspension at
370C in Eagle's minimal essential medium (15) (MEMO I11, Eurobio,
Paris, France) supplemented by 6% fetal calf serum (Boehringer,
Mannheim, FRG).

250 MA of degassed phosphate buffered saline (PBS: 0.15 M NaCl;
0.01 M Na2HPO4; 0.01 M KH2PO4; pH 7.2) were added to 150 ,Ag of dry
EAPC. The mixture was vortexed and sonicated (80 KHz) twice for 1

min. 250 ,ul of the sonicated lipid suspension were mixed with 1 ml of cell
suspension (3 10' cells/ml); 100 Md of buffer containing the phospholipid
exchange protein (500 ug/ml) purified from spinach leaves (16) were

then added. Incubation was carried out for 15 min at 370C. Then the
cells were washed twice by centrifugation with 3 ml of PBS. A drop of
the pellet was deposited between slide and coverslip.

Fluorescence recovery after
continuous fluorescence
microphotolysis experiments
Experiments were carried out under conditions of constant incident light
intensity and uniform disk illumination, using an experimental set-up
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based on a Leitz Ortholux II Fluorescence microscope, which has
already been described (1 1).

RESULTS AND DISCUSSION
Theory
In FRAP experiments carried out with anthracene-
labeled molecules, the bleaching step is in fact the sum of
two antagonist processes. One, which corresponds to
fluorescence decay, is due to the dimerization reaction of
anthracene-labeled lipid molecules in the illuminated
area and is characterized by the dimerization constant kd.
The other, which brings about fluorescence recovery, is
due to the diffusion-mediated exchange of anthracene-
lipid monomers and dimers between the illuminated and
diffusion area and is characterized by the lateral diffusion
coefficient D. When bleaching time is sufficiently long
(the so-called condition of microphotolysis) and when
using an appropriate modelization of the system, it is
possible to estimate D and kd from the fluorescence signal
that originates from the illuminated area in the mem-
brane. Such an approach also has the great advantage of
overcoming the difficult problem of correctly describing
the post-bleaching probe concentration profile in the
illuminated area when FRAP experiments are carried out
with highly mobile lipid molecules or with illuminated
area of very small radius. Indeed, if fluorophore transport
occurs between the illuminated and diffusion area in the
membrane, during the bleaching step, and if this fact is
ignored, then the D values obtained will be false.

Microphotolysis experiments corresponding to first-
order reaction diffusion process have been already
described by Peters et al. (17, 18). Nevertheless, the
numerical methods they propose for the calculation of D
(spatial discretization associated with spectral expansion,
temporal discretization, and computation using the
Crank-Nicholson integration scheme or a generalized
moment expansion method), are valid only for first-order
(or pseudo first-order) reaction. They cannot be easily
used to solve the much more complicated case of a
second-order reaction-diffusion process. In this case, the
change with time in fluorophore concentration in the
illuminated area is to be accounted for by a nonlinear
differential equation (see Eq. [7]), for which there is no
analytical solution and the resolution of which cannot be
achieved by spectral or generalized moment expansions.
This approach would either be impossible or much too
complicated for use except in very particular cases. Here
we show that spatial and temporal discretization of the
system associated with quasilinearization of the operator
coupled with an adequate mathematical algorithm allows
correct description of a second-order reaction-diffusion
process.

Photodimerization of anthracene
Photochemistry of anthracene and its derivatives can be
summarized as follows:

A + hv (340-380 nm) - A* Light
absorption

-A + hv' (390-430 nm) Fluorescence
emission

_ A2 Dimerization.A* +A

Anthracene absorbs light in the 240-290 nm and
340-380 nm regions. A fluorescence emission can be
observed between 390 and 430 nm. Upon irradiation in
the near ultra-violet (-360 nm), a dimerization reaction
can also occur. As already stated, it leads, in an irrevers-
ible way, to 9-9', 10-10' covalently bound dimers which
are not fluorescent (6, 7). These dimers are chemically
very stable. Nevertheless, the dimerization reaction can

be partly reversed by illuminating the dimers at -260-
280 nm (7). This property is used in the photo-cross-
linking method we propose for investigating the lateral
distribution of lipids in membranes (7). Note also that
upon irradiation, side photo-products such as photo-
oxides can eventually be formed and interfere with the
dimerization reaction (7). In fact, both in model and
natural membranes, where anthracene derivatives are

relatively highly concentrated and in a well organized
phase, the photo-dimerization reaction proceeds at a

much higher rate than the photo-oxidation reaction. We
never detected photo-oxides in our photo-dimerization
experiments (7). Therefore, the dimerization reaction is
the sole to be considered. This is a strict second order
process which, in the close reactor a membrane bilayer is,
can be written as:

2dC/dt = -kdC*Cg, (1)

where C* and Cg are the concentrations of the anthracene
residues in the excited and ground state respectively and
kd is the dimerization constant.

In condition of constant illumination and because the
excited life-time of anthracene is very short (r = 4 ns)
(19) as compared with the time-scale (1-2 s) of a micro-
photolysis experiment, the concentration of molecules in
the excited state is proportional to the excitation light
intensity I,, and to the total concentration C of fluoro-
phores (steady state concentration of excited molecules):

C* = a4IexC (2)

and the concentration Cg of molecules which, after excita-
tion, remain in the ground state is:

Cg = (1 - aIcX) C. (3)

Ferri.res et al. Anthracene-Labeled Phospholipids in Membranes 1083

Ferrieres et al. Anthracene-Labeled Phospholipids in Membranes 1083



Eq. 1 can be written as:

dC/dt = -'/2kdaI.X(1 - aIex) C2. (4)

Due to the loss of conjugation between the aromatic rings,
the anthracene dimers that are formed are not fluores-
cent. Therefore, the fluorescence signal originating from
the reactor, can be used to monitor the dimerization
reaction. The anthracene residues in the excited state split
into two populations: those that give fluorescence and
those that lead to photodimers. The splitting ratio
between these two populations depends on both photo-
chemical and structural factors, but is constant for given
reaction conditions.

This means that the intensity If of the observed fluores-
cence signal is strictly proportional to the number of
molecules in the excited state:

If = 7C = yaII¢C. (5)

In these conditions, Eq. 4 converts to:

dIf/dt = /2[kd/y](I - aI..) (If)2 = -K(If)2 (6)

in which K = '/2[kd/-I(1- aIcx).
This equation clearly shows that the apparent dimer-

ization constant K, which can be inferred from the
kinetics of the fluorescence decay, still depends on excita-
tion conditions. Note that the above derivation is valid
only for conditions of low or moderate excitation light
intensity I4, (no fluorescence saturation) and low probe
concentration in the membrane lipid phase (absence of
radiative or resonance fluorescence energy transfer).

In what follows and for the sake of clarity, we will refer
only to the apparent constant K, which, for given experi-
mental conditions, is a characteristic of the system under
investigation.

Photodimerization-diffusion
process

When coupling a diffusional process to the photodimer-
ization reaction, the time development of the concentra-
tion C(x, t) of nondimerized fluorophores is now

described, at time t and spatial point x, by the general
dimerization-diffusion equation:

(x ') = DI (x)C(x, t) - k(x)C2(x, t), (7)
at,

in which D * 1(x) is the linear differential diffusion
operator, and k(x) is a function associated with the scalar
dimerization constant.
The initial distribution of the fluorophore molecules is

supposed to be homogeneous in the membrane plane.

C(x, 0) = CO.

For a flat membrane, a circular illuminated area of
radius r, and an isotropic diffusion, the distribution of
fluorophores in the membrane plane is axialy symmetric
and can be studied in a circular diffusion area of radius R.
The ratio R/ri is taken large enough to satisfy the
condition of infinite reservoir (1 1, 20).

In these conditions, Eq. 7 is described using cylindrical
coordinates by

(C = D (2 + aC(r, t) - k(r)C2(r, t), (8)

in which C(r, t) is the surfacic concentration of the
diffusing species at distance r from the origin (illu-
minated area center) and at time t. For a complete
definition of the problem, the boundary conditions of
probe concentration are:

O9C(0,.
C(., 0) = C0, C(R,.) = CO, and ) 0.

Or

In conditions of uniform disk illumination, the excita-
tion light intensity profile has a rectangular shape (11).
As seen in the preceding section, the dimerization reac-

tion linearly depends on I,. Because the excited state
life-time of anthracene is very short (r = 4 ns) (19), as
compared with the kinetics of diffusion, the dimerization
reaction will occur only in the illuminated area:

k(r) = '/2kdaIx( - aI..)H(ri- r),

in which H(r, - r) is the Heaviside function defined by:

H(r, - r) = 1 for r s ri and H(ri - r) = 0 for r > ri.

As indicated above, the photodimerization-diffusion
process can be monitored by the measurement of the
fluorescence intensity originating from the illuminated
area:

i(r, t) = yaI,xC(r, t)-

This leads to the new equation:

-t D Cr2 + Iar i(r, t) - K(r)i2 (r, t) (9)
at Orth

with:

i(., 0) = Io, i(R, .) = Io, (.) = 0,
Or

and

K(r) = k(r)/[y(aI..)] = KH(ri-r),

in which K has its above meaning. (See above.)
In fact, we have already shown that the light intensity

profile is not strictly rectangular but is slightly trapezoi-
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dal in shape (1 1). It is therefore more realistic to use, not
the Heaviside function but a continuously differentiable
function h(r) such as h(ri) = 1/2.

Inverse problem
The fluorescence intensity, which originates at time t
from the entire illuminated area, can be calculated by:

I(t) = 2wr i(r, t) r dr. (10)

Let If(t) be the corresponding experimental value.
The inverse problem which we have to solve (21 ) is then

to determine the solutions D,.1 and K,,1 for D and K so that
Eq. 9 accounts as well as possible for the process
observed.

Minimization method
For this purpose, we define the quadratic function:

N

g(D, K) = E [I(D, K, tj) _IK(tj)]2, (
i-I

where (t,, t2,... , tN) corresponds to a given time sam-

pling. We have to search its minimum value, and a

necessary condition to obtain the minimum is:

g'(D. , K,d,) = O. ((12)

To approach this condition, we use the Gauss-Newton
iterative method defined by:

x p= [f'(xp) *f'(xp)]-L *g'(xp), (13)

in which xp = (Dp, Kp), corresponds to the pth values ofD
and K. With the same notation, xo corresponds to the
initial Ko and Do values used for the initialization of the
iterative process.

fPt is the maximal rank matrix:

dI(t,) II(t2) 1(ION)
aD aD O.D

CI(tl) 01(t2) OI(tN)
(14)

AK AK O.K

The numerical computation of the partial derivatives by a

finite differences method is unstable and time consuming.
They were obtained here in an elegant way from Eqs. 9
and 10 using the following argument from Eq. 10, we can

write, with a minimum of regularity:

01(t) =2w Oi(D, K, r, t) rdr (15)

0l(t) 2=2r ci(D, K, r, t) r dr. (16)

Letting u = di/OD and v = Oi/K it can be shown that:

- Dl(r) u + 2k'(r)iu =l(i)
O9t

with u(., 0) = 0, and [du(0, .)]/dr = u(R, .) = 0

- D l(r) v + 2 k'(r) iv = -k(r) i2
Olt

(17.1)

(17.2)

with v(., 0) = 0, and [dv(r, .)]/Or = v(R, .) = 0.

These parabolic equations are linear and associated
with the same operator, and have the same initial and
boundary conditions. They can be solved simultaneously
when i(r, t) is known (Eq. 9).

Resolution of the
nonlinear equation
This is a crucial step in the numerical process (22). Eq. 9
is solved iteratively by a quasi-Newton method:

0in+I, (r, t) = D l(r)in+l(r, t)

0it

-2k'(r)i (r, t) in+,(r, t) + k'(r)i'(r, t) (18)

with in+J-, 0) = IO, [ain+I(0, *)]/r = 0, in+ (R) = IO, in
which in(r, t) has been already determined and io(r, t) =

Io.
Then, we have to solve a linear parabolic equation to

obtain in+l(r, t). The discretization method used is the
Crank-Nicholson scheme associated with a finite differ-
ence method and a variable spatial step.

Algorithm
Finally, the different steps required to obtain the optimal
coefficients D,., and K,o,, can be summarized in the follow-
ing algorithm. (a) Initialize the process; choose Do, Ko,
and evaluate g(DO, KO). (b) Solve Eq. 9, calculate I(t). (c)
Solve Eq. 11 to obtain the derivatives. (d) Calculate Dp+ 1,

Kp+1 from Eq. 13 and evaluate g(Dp+I, Kp+,). (e) Go to b
until convergence.

Stray-light background signal
We have seen that in its principle, a fluorescence micro-
photolysis experiment is relatively simply. Furthermore,
fluorescence can be used as a sensitive and specific
technique to determine the number of fluorophore mole-
cules that are present at any time in the illuminated area

of the membrane. In the above description of the photodi-
merization-diffusion process, the emitted fluorescence
intensity was supposed to be directly proportional to the
anthracene concentration. This means that, when illumi-
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nating the membrane in the absence of probe, the photo-
current from the photomultiplier tube should be equal to
zero. Actually, this did not appear to be the case. A
stray-light signal is always observed in any fluorescence
microscope (23), which is primarily due to light reflection
phenomena and to the very epi-configuration (ploem
system) which does not allow complete discrimination
between the fluorescence excitation and emission beams.

This signal can be reduced but not suppressed by the
interposition of a field diaphragm in the emission beam
just in front of the photomultiplier tube, in the conjugated
image plane (11, 24). Therefore, the observed fluores-
cence intensity is not to be accounted for by a linear
function but by an affine mathematical function which is
to be introduced in any mathematical model.

In ordinary FRAP experiments, this problem can be
ignored because the fluorescence recovery process is
analyzed in terms of fractional recovered fluorescence
intensitiesf (t):

f (t) ift I

'0 '1I

in which Io, I, are the absolute measured fluorescence
intensities at the beginning and the end of the bleaching
step respectively while If(t) is that measured at any time
of the recovery process.

In fluorescence microphotolysis experiments, interpre-
tation of the data cannot be achieved by means of relative
fluorescence intensities but requires the use of absolute
values. The stray-light background signal (1 or B) is
nearly impossible to estimate in presence of the fluoro-
phore. Its determination in parallel experiments can be
risky. Therefore, we have introduced component B as a

new parameter to be estimated together with K and D.
The fluorescence intensity is now written as:

i(r, t) = y CaIeX C(r, t) + ,B (19)

and after integration over the illuminated area:

If(t) = I(t) + B, (20)

in which B = 1r r?, and I(t) is the absolute value of the
fluorescence intensity.

Let Q(r, t) = Ey a I,,C(r, t).
Eq. 8 becomes:

Q(r') = D 1(r) Q(r, t) -K H(r -r) Q2(r, t) (21)
Olt

with Q(., 0) = io- , [OQ(0, .)]/Or = 0, Q(R, t) = io -
where io = [If(o)]/r ri.
Then we have to estimate the values D,,1, Ks,l, Bs,l of the

D, K, B parameters for which the quadratic function is

minimum:

N

g(D, K, B) = Ej [Q(D, K, B, tj) - If(tj) + B]2. (22)
j-1

In step 2 of the algorithm, we need the derivative
oQ/oB. It is obtained, by solving a linear equation with
the same operator as above.

Let w = aQ/oB, then we have:

-DI(r)w+ 2KH(r -r)Qw=0
'at

(23.1)

with the boundary conditions:

w(. O) =- 1, W(0,. ) = 0, w(R,.)
Or

1. (23.2)

Fluorescence recovery after
microphotolysis experiments
In principle, fitting experimental fluorescence micropho-
tolysis data with Eq. 21 and the algorithm we have
developed would enable the three coefficients D, K, and B
to be evaluated. However, preliminary experiments car-
ried out with EAPC in egg-PC monolayers and multi-
layers showed that was not the case. Computations did
not appear to be convergent, whatever the experimental
conditions of excitation light intensity I,,, illuminated
area radius ri and microphotolysis duration.

This difficulty was easily overcome by coupling a

fluorescence recovery step to microphotolysis. Experi-
ments were carried out in condition of constant illumina-
tion light intensity and were operated as follows. During
the microphotolysis step, fluorescence from the illu-
minated area was continuously recorded. On the other
hand, for the recovery step, fluorescence was stepwise
recorded (9 steps) by flashing the lipid sample for a brief
period of time (5 ms) after regular intervals of time in the
dark. The microphotolysis step was analyzed using Eq.
21. Under the experimental conditions used, the recovery

step can be considered as a pure diffusion process and was

computed using the first right-hand term of Eq. 21. Very
stable numerical solutions were obtained by this mean

and hereafter, this type of experiments will be referred to
as fluorescence recovery after microphotolysis or FRAM
experiments, and the algorithm we have developed for
their interpretation as the FRAM algorithm. Potentiali-
ties of this approach were tested with EAPC incorporated
in egg-PC monolayers and multilayers and in the plasma
membrane of CHO cells.

Fig. 1 shows typical FRAM data (+) obtained for
EAPC incorporated at a concentration of 0.5% in egg-PC
multilayers. The radius ri of the illuminated area was 4.2
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FIGURE I Experimental and calculated fluorescence recovery after
microphotolysis curves. Experimental data (x) refers to a FRAM
experiment carried out with EAPC at a concentration of 0.5% in
egg-phosphatidylcholine multilayers. The radius r; of the illuminated
area was 4.2 Mm. A large multilayer domain was selected (R 50,um) in
order to work in conditions of infinite reservoir. Nine fluorescence
recoveries were measured. Fluorescence intensities shown in the micro-
photolysis step are a selection of only a few out of those that were
continuously recorded and stored in the microcomputer. The solid line is
the best curve which could be calculated using the FRAM algorithm. It
accounts for coefficients D = 3.59 * 10- cm2/s, K = 0.514 (arbitrary
units) and B - 0.477 (10% of the initial fluorescence intensity at time
t = 0, see Table 1). Note that for the sake of clarity, the time-scale
corresponding to the microphotolysis step was enlarged by a factor of 10.
Arrow indicates the boundary of the two scales.

,um and the microphotolysis time was 1.16 s. The full line
was the best curve that could be calculated using the
FRAM algorithm. As shown in Table 1, it was obtained
with a standard deviation of 0.12 (% of the initial
fluorescence intensity, IO) which was very close to the
experimental error (0.11). This curve accounted for a
diffusion coefficient D = 3.59 10-8 cm2/s which is close to
the value of 3.53 10- cm2/s which we have recently
reported for the same probe in the same membrane model

system, using conventional FRAP experiments (1 1).
These values are close to that reported for similar systems
(3, 14). The stray-light component B was estimated to
0.477 (arbitrary units). This value corresponded to 10-IO%
of the initial fluorescence intensity Io and was close to the
average value of 0.465 found in independent experiments
for probe-free egg-PC multilayers. The dimerization con-
stant K, was estimated to 0.104 (arbitrary units) in this
system. It will be discussed together with K values
obtained for monolayers and CHO plasma membranes.

It should be noted that the above experiments were
carried out using a moderate intensity for the excitation
light Iex. Increasing Ie. led to a nonlinear relationship
between the measured fluorescence intensity and probe
concentration, with a loss of fluorescence. This might be
due to fluorescence energy transfer processes between
excited and nonexcited fluorophores (there is an overlap
between the excitation and emission spectra of anthra-
cene derivatives [6]), which is favored in multilayer
systems where a large number of lipid bilayers are

stacked over each other.
FRAM experiments were also carried out with mono-

layers adsorbed onto alkylated glass surfaces, which
provide an interesting membrane model system (25) well
suited for FRAP experiments. EAPC was added at a

concentration of 1% to egg-PC and the monolayer, at the
air-water interface, was compressed at a surface pressure

r = 30 mN * m-1 before being adsorbed onto the
alkylated glass. The radius of the illuminated area was

ri = 8.75 Am and the microphotolysis time was 1.16 s.

Fitting the experimental data with the FRAM algorithm
(a = 0.22) led to a diffusion coefficient D = 1.48 10'
cm2/s that compared well with the value of 2 1 0-8 cm2/s
reported for similar systems (26). A stray-light compo-

nent B = 0.127 (arbitrary units) was found, which in this
case, accounted to c_20% of Io. This value was similar to

TABLE 1 Fluorescence recovery after microphotolysis data for EAPC In various membrane systems

Membrane systems FRAM data Reference parameters

B D
D K B % Io measured literature

Egg-phosphatidylcholine 3.59 ± 0.27 0.104 ± 0.002 0.477 ± 0.018 (10.7%) 0.465 ± 0.015 3.53 (11)
multilayers a = 0.12

Egg-phosphatidylcholine 1.48 ± 0.33 17.7 ± 1.6 0.127 ± 0.008 (20%) 0.13 ± 0.01 2 (26)
adsorbed monolayers a = 0.22

Chinese hamster ovary cell 0.21 ± 0.02 0.23 ± 0.02 2.9 ± 0.08 (22%) 3.4 ± 0.6 0.125 (12)
plasma membranes a = 0.23

0.15 + 0.07 0.25 ± 0.01 3.7 ± 0.18 (19%)
a = 0.1

This table shows the lateral diffusion coefficient D (10-8 cm2/s), the photodimerization constant K (arbitrary units) and the stray-light component B
(arbitrary units and % I) calculated for EAPC from FRAM experiments. For comparison, experimentally measured B coefficients and D reference
values from literature are also shown. The standard deviation is given as % of the initial fluorescence intensity I. It has to be compared to an
experimental error evaluated to 0.11% of 1I (11).
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the average value of 0.13 found in parallel experiments
for EAPC-free adsorbed egg-PC monolayers.

In the case of CHO cells, the plasma membrane was

labeled with EAPC by means of a phospholipid exchange
protein. The radius of the illuminated area was r; = 1.95
,um and the microphotolysis time was 1.16 s. Data shown
in Table 1 concern only two cells, simply to illustrate the
quality of FRAM experiments on biological membranes.
The measured diffusion coefficients were D = 2.1 * 10-9
cm2/s (ay = 0.23) on one cell and D = 1.5 10-9 cm2/s
( = 0.1) on the other cell. They were close to the value of
1.25 10-9 cm2/s recently reported for EAPC-labeled
CHO cells, using a FRAP technique (12). Note that the
diffusion coefficient of 1.25 10-9 cm2/s is a mean D
value representative of a collection of at least 50 cells (12)
and that within a given cell population, a certain disper-
sion in D values exists (27, 28).

For the cellular membranes, the calculated stray-light
components B (2.9, 3.7 in arbitrary units) accounted
for .20% of the initial fluorescence intensity Io and were

similar to those measured in parallel experiments on

nonlabeled cells.
With respect to the photodimerization constants K, the

situation appeared to be somewhat more complicated. It
is out of the scope of this paper to enter into a detailed
analysis of this parameter. Nevertheless, it is worth
stressing that K is the product of at least two contribu-
tions, a "spectroscopic" one and a "structural" one

(29, 30). The structural part is to be related to the
rotational and translational motions of the anthracene
residues within the membrane. The spectroscopic compo-
nent depends on the photochemical properties of the
probe molecules, but also, as shown in the Theory section,
upon the excitation light intensity I4X and the apparatus
functions (a and y parameters). These parameters vary

from one membrane system to the other. In the present
approach, no attempt was made to quantify these param-

eters and, for that reason, calculated K values shown in
Table 1 are given in arbitrary units. This explains the
rather large dispersion which is observed in K values from
one membrane system to the other and why comparison
between those different values are difficult to achieve.
Nevertheless, for fixed experimental conditions, compari-
son between relative K values is straightforward (25). In
this respect, note the similarity between the K values
measured for the CHO cells.
A complete analysis of the various contributions to K

and normalization of this parameter by reference to a well
defined reference system is currently under investigation
in our laboratory.
The very close agreement for the three membrane

systems tested, between the FRAM and FRAP diffusion
coefficients D on the one hand, and the calculated and
experimental stray-light components B on the other hand,

demonstrates the validity of the FRAM approach for the
determination of the two parameters D and K which enter
into the definition of the photodimerization-diffusion
process in the illuminated part of the membrane. This
contention is also supported by the very close way experi-
mental data fit when using the FRAM algorithm, as

examplified in Fig. 1. For the various experiments
reported (Table 1), the standard deviation was close to
the experimental error.

Another advantage of the FRAM approach is to pro-
vide us with a complete description of the probe concen-

tration in the illuminated and diffusion area, at any time
of the photodimerization-diffusion process. This over-

comes the complication which can sometimes arise in
FRAP experiments for the computation of D from the
fluorescence recovery data, because of a poor adequation
between the mathematical model used and the actual
post-bleaching probe concentration profile in the illu-
minated area (1 1). This is illustrated in Fig. 2 where we

compare simulated FRAM experiments using the FRAM
algorithm (solid lines) and FRAP curves (dotted lines).
The latter were calculated using the numerical method we
have recently developed to account for FRAP experi-
ments in conditions of "uniform disk illumination" (11)
and assuming that square-well probe concentration pro-
files still existed at the end of the microphotolysis steps.
As can be seen, the two approaches lead to different
recovery curves and the longer the microphotolysis step,
the larger the difference between the two types of curves.
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FIGURE 2 Numerical simulation of fluorescence recoveries after micro-
photolysis steps differing in time. (a) - 0.4 s; (b) - 0.8 s; (c) - 1.16 s.
The solid line was calculated using the FRAM algorithm. The dotted
line was calculated using the numerical method we have recently
developed for the analysis of FRAP experiments (11) and assuming a
square-well probe concentration profile at the end of the bleaching step.
Parameters used in these computations were: D = 3.59 - I0-1 cm2/s;
K - 0.514 (arbitrary units); r, - 4.2 ,m; R - 19.74 gm. Note that for
the sake of clarity, the time-scale part corresponding to the micropho-
tolysis step was enlarged by a factor of 10 and that, strictly speaking, the
time-scale shown relates to the sole curve (c). Curves a and b were
drawn using the same procedure, with time-scale expansion over the first
0.4 and 0.8 s, respectively.

1088 Biophysical Journal Volume 55 June 19891088 Biophysical Journal Volume 55 June 1989



Probe concentration profiles in the illuminated and diffu-
sion area, at the end of each microphotolysis step, were
also calculated by means of the FRAM algorithm. As
shown in Fig. 3, these profiles tended to differ more and
more from a square-well profile for increasing micropho-
tolysis time.

Finally another important parameter which can be
inferred from FRAP experiments is the probe mobile
fraction M. This parameter gives information on whether
all the probe molecules are free to diffuse (M = 100%) or

whether part of them are immobilized in the membrane
plane (M < 100%). Note that an apparent immobile
fraction can also be observed in cases where the diffusion
area has a finite size, with a radius R not very large
compared with the radius r; of the illuminated area. We
have recently discussed this point in detail and developed
a numerical approach which enables the three parameters
D, M, and R to be evaluated from FRAP experiments
(11). Finite size of the diffusion area has also been
recently accounted for in the interpretation of FRAP
experiments carried out on axon hillock of nerve cell (31).
In addition to D, the FRAM procedure and the FRAM
algorithm we present here also allow us to calculate M
and R. This is illustrated in Fig. 4 where simulated
FRAM experiments, for different conditions of probe
mobile fraction M and relative size of the radius r; and R
of the illuminated and diffusion area, are compared. As
can be seen, the simulated curve (o) in conditions of 100%
mobile fraction and finite-size reservoir (R = 2r;) differed
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FIGURE 3 Numerical simulation by means of the FRAM algorithm of
the radial probe concentration profiles in the illuminated and diffusion
areas after various microphotolysis times, (open circles) - 0.4 s; (filled
squares) - 0.8 s; (solid lines) - 1.16 s. The parameters used in these
computations were D - 3.59 . 10-8 cm2/s; K - 0.514 (arbitrary units);
r- 4.2 Mm; R - 19.74 um.
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FIGURE 4 Numerical simulation, by means of the FRAM algorithm, of
fluorescence recovery after microphotolysis curves for various conditions
of probe mobile fraction M and relative size of the illuminated and
diffusion area radius ri and R. The parameters used in these computa-
tions were D - 3.59 * 10-8 cm2/s; K - 0.514 (arbitrary units); r, - 4.2
um. (Solid lines): M - 100%, R - 19.74 um (the probe molecules are
mobile in conditions of infinite reservoir). (Open circles) M = 100%,
R - 2r; - 8.2 $tm (the probe molecules are mobile in conditions of
noninfinite reservoir). (Open triangle) M - 70%, R - 19.74 jAm
(conditions of infinite reservoir and probe immobile fraction). Note the
time-scale expansion in the microphotolysis step as in Figs. 1 and 2.

from the reference curve (M = 100%, R >> r;) (-), only at
the end of the recovery process. In contrast, the curve (A)
that accounts for an immobile fraction (M = 70%) with
an infinite reservoir (R >> r;) differed from the reference
curve both in the microphotolysis and recovery steps. This
would make the discrimination between the conditions of
probe immobile fraction and finite-size reservoir easier
with FRAM than with FRAP experiments.

CONCLUSION

The FRAM procedure and the FRAM algorithm we have
presented enable second-order reaction-diffusion pro-
cesses to be studied in membranes. When using anthra-
cene as a fluorescent and photoactivatable group, it is
clear that FRAM experiments contain more information
than FRAP or single microphotolysis experiments.
Indeed, from a FRAM experiment, it is possible to extract
the two kinetic parameters D and K, which characterize
the dynamic behavior of anthracene-labeled lipids in
membranes, and which both contribute to a more com-
plete description of the membrane fluidity.
The FRAM algorithm can be used with any microcom-

puter. Typically, computation of the three parameters D,
K, and B from one FRAM experiment took -5 min with
an OPAT microcomputer (Normerel, Paris, France).
This algorithm provides us with a complete description of
the probe distribution in the illuminated and diffusion
area, at any time of the experiment. It can also be used to
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evaluate the important parameter of probe mobile frac-
tion M and to determine the relative radius of the
illuminated and diffusion area. This will enable mem-
branes to be explored in terms of microdomains and/or
macro-domains.
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Robb for rereading the English manuscript.
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