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Abstract

The translational mobility of proteins and lipids in phospholipid bilayers is often not well described as ideal self
diffusion. One of the best methods for characterizing such non-ideal diffusion is to use fluorescence pattern
photobleaching recovery. In this method, the spatial gradient of the monitoring and bleaching intensity is created by
using epi-fluorescence and an expanded Gaussian-shaped laser beam which passes though a Ronchi ruling placed at
the back image plane of a microscope. A difficulty arises when the fluorescence recovery from the exchange of
slowly diffusing molecules between illuminated and non-illuminated stripes temporally overlaps with the recovery
from the exchange of more rapidly diffusing molecules through the gradient produced by the broad Gaussian shape
of the illumination. In the work presented here, a general theory is developed that describes the shape of the resulting
fluorescence recovery curve for these typical experimental conditions. Approximate expressions amenable to non-
linear curve fitting are also given. The new theoretical formalism has been demonstrated on data for the translational
mobility of a fluorescent lipid probe in phospholipid bilayers deposited on planar-fused silica substrates. © 2002
Elsevier Science B.V. All rights reserved.
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create a small bleached and monitored area [6,7].
In an alternative form, called fluorescence pattern
photobleaching recovery (FPPR), an expanded

1. Introduction

Fluorescence photobleaching recovery is widely

used as a method for examining the translational
mobilities of fluorescent lipids or proteins in nat-
ural and model membranes [1-5]. In one form of
this technique, a focused laser beam is used to
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laser beam is passed through a ruling in a back
image plane to create a broadly illuminated area
containing stripes with a well-defined spatial peri-
od [8,9].

The lateral mobility of lipids and proteins in
phospholipid bilayers is often not well described
as ideal self diffusion [10—13]. In these cases, it
is of interest to characterize the non-idealities in
the diffusive behavior. A common phenomenolog-
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ical approach is to describe the system as contain-
ing a discrete number of fluorophore populations,
each of which exhibit ideal diffusion, but with
different coefficients. However, it is difficult to
measure the different apparent diffusion coeffi-
cients by using fluorescence photobleaching recov-
ery with a focused spot. The spatial profile of the
excitation intensity can deviate from the ideal
Gaussian shape of a focused beam after passing
through the optical components necessary to create
the focused beam, and the form of the fluorescence
recovery data depends critically on the beam
shape. The spatial profile of the excitation intensity
in FPPR is more accurately known, and this
method is, therefore, more amenable to quantita-
tively examining non-ideal diffusion in membrane
environments.

There is a difficulty that arises when using
FPPR to quantitatively examine non-ideal diffu-
sion. In practice, the beam cannot be infinitely
expanded because the intensity becomes so low
that effective bleaching cannot be accomplished in
a short enough time. In this case, for samples
containing both rapidly and slowly mobile com-
ponents, recovery is observed not only from the
exchange of bleached and unbleached molecules
between the illuminated and non-illuminated
stripes, but also from the exchange of bleached
and unbleached molecules from within and without
the illuminated area. In this work, we present the
theory necessary for analyzing data in this type of
sample. The results are illustrated with recovery
curves obtained for fluorescent lipid diffusion in
planar membranes supported on fused silica. The
results have also been used to describe the trans-
lational mobility of fluorescent lipids in phospho-
lipid bilayers deposited on high refractive index
substrates [14].

2. Theoretical results
2.1. Definitions

We consider a two-dimensional sample (e.g., a
supported phospholipid bilayer) containing fluo-

rophores that undergo ideal diffusion with coeffi-
cient D. The time-dependent fluorescence is:

F(t)=QJ f 1(x,y)C(x.y,r)dx dy (1)

where Q is a proportionality constant, /(x,y) is the
monitoring intensity, and C(x,y,) is the density of
unbleached molecules at position (x,y) and time .
For a Gaussian-shaped laser beam intersected by
a Ronchi ruling in a back image plane, the intensity
can be written as:

Iy [ 2(x2+y2)]
I(x,y)=—exp| ——— 5 —

2 52

X [1 + ) cncos(nkx)] (2)

n odd

where I, is the intensity at the origin, s is the 1/
e’-radius of the expanded beam, k is the spatial
frequency of the striped pattern:

2 4
k=T c,=—(—1)@=b/2 (3)
a nw

and a is the spatial period. The shape of I(x,0) is
illustrated in Fig. la. For ideal diffusion:
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Clx,y,t)=

Xexp[— ]dx’ dy’ (4)
The initial density of unbleached molecules can
be approximated as [6]:

C(x,y,0)=Ce </ ®))

where C is the total fluorophore density (bleached
plus unbleached) and k is a constant proportional
to the bleach pulse duration, the absorptivity of
the fluorophores, and the quantum efficiency for
bleaching.

2.2. General solution

By using Egs. (2), (4) and (5) in Eq. (1), one
finds that (see Appendix A)

_ QI Cms® [

F(1) 1+ ho+ i hi(t)] (6)

i=1
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where
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The dimensionless parameter o describes the rel-
ative size of the Gaussian beam and the striped
pattern. When o is small, the stripe period is high
relative to the beam size. This condition corre-
sponds to conventional fluorescence photobleach-
ing recovery with a focused laser beam [6,7].
When o is large, the stripe period is low relative
to the beam size. This condition corresponds to
conventional FPPR with a Ronchi ruling [8,9].
The characteristic rates for diffusion through the
Gaussian beam and the stripe period are N\ and
20\ =k>D, respectively.

The fluorescence before photobleaching, F(—),
is found by using Egs. (1) and (2) with C(x,y,r) =
C. One finds that:

_ QI Cms?

F(=) ==

(14 hq) 9)
where h, is defined in Eq. (7). As shown in Fig.
1b, the pre-bleach fluorescence decreases from
QI,Cms*/2 (for low o) to Ql,Cws?/4 (for high
o).

The fraction of the initial fluorescence which is
bleached, denoted as B, is equal to [see Egs. (6)
and (7), and Appendix Al:

=1
1+ Cne—[t120'/(p+l)]
RO s Cor .
FO T B0 4y e
ngid
(10)

This parameter, which increases from zero to one

with a is shown in Fig. 1c,d. When =0 or o —
o/e]

k)

= (—a)) ee—l4q
Blocso === L ™ D

2.3. Limit of no ruling

When the ruling is not present, o =0, and Egs.
(6), (7) and (9) reduce to:

F@) = (- \ = 2P
F(=) A~ @e+DI1+Ne 7 1+p

(12)

Eq. (12) agrees with the previously published
expression for fluorescence photobleaching recov-
ery with a focused laser beam [6]. As shown in
Fig. 2, for a bleach depth of 3=0.8, the infinite
sum is sufficiently approximated by retaining the
p=0 to 16 terms.

2.4. Limit of infinite Gaussian beam

When the 1/e-width of the Gaussian beam
approaches infinity, o — % and A — 0 while 2o\
remains finite and equal to k2D. In this case, A,
and h,(t) for i=2—-4 are zero [Eq. (7)]. In addition,
the terms in hs(z) are zero except when m=n. Of
these terms, only those with n=1 or n=3 are of
non-negligible magnitude. Egs. (6), (7) and (9)
reduce to:

8 SR B
X[1+—2[6_K'D’+—e_9K D’H (13)
™ 9
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Fig. 1. Spatial intensity profile, pre-bleach fluorescence and bleach depth. (a) 1(x,0)/I, was calculated from Egs. (2) and (3) for
the typical experimental parameters of s=75 pm and a=19.5 pm. (b) The quantity [2F(—)]/[Ql,Cws*] was calculated by using
Egs. (3), (7) and (9), and ranges from 1 when o =0 (no ruling) to 1/2 when o — « (ruling period much smaller than the Gaussian
beam). (c) The bleaching depth 8 was calculated by using Eq. (10) and is shown as a function of « for ¢ equal to 0.5 (long dash),
1 (intermediate dash) and 3 (short dash). For small or large values of o, B is given by Eq. (11) (line). (d) The bleaching depth
B was calculated by using Eq. (10) and is shown as a function of o for a equal to 0.01 (long dash), 0.1 (intermediate dash), 1

(short dash), 3 (dash—dot) and 10 (dash—dot—dot).

where B is given by Eq. (11). This expression
agrees with previously published forms? [8,15,16].
At time ‘infinity’, F(z) /F(—) approaches 1—{/2
rather than one. When the ruling is removed, k=
0 and F(1)/F(—)=1—p (no recovery).

2.5. Limit of large Gaussian beam

For many experimental conditions, the 1/e*-
width of the Gaussian beam is larger than the
ruling period, but some recovery still occurs via
diffusion through the shape of the Gaussian beam.

2 A typographical error is present in Eq. 1 in reference 16.
The negative sign preceding the factor (1/9) should be a
positive sign.

In this case, an applicable expression for the
fluorescence recovery can be found by considering
the form of Egs. (6), (7) and (9) when o >1 and
At <2. For these conditions, numerical calculations
show that the functions A, and h,(t) for i=2-5
[Egs. (6) and (7)] are of negligible magnitude
except for the hs(r) with m=n=1 or m=n=3.
The parameter 3 is given approximately by Eq.
(11) (Fig. 1) and:

F(z)

1z (o)
F(—) +2p:1(p+1)!1+7\pt

X [l + i(eflet/(l +N\pt) + lef9K2Dt/(1 +)\,,t)J]
w2 9

(14)
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Fig. 2. Approximate forms for theoretical shapes for fluores-
cence recovery curves. F(1)/F(—) was calculated with the
expression in Eq. (12) summed over p=0-9 (dash—dot); p=
0-10 (short dash); p=0-11 (intermediate dash); p=0-12
(long dash); and p=0 to >16 (line). For these plots, o =0.
The parameter o was set equal to 5.0 so that the bleached
fraction B was 0.8 [Eq. (11)]. Similar results were found for
Egs. (14) and (16).

where \, is given in Eq. (12). Similar expressions
have been reported previously [17]. When the
ruling is removed, k=0 and Eq. (14) reduces to
Eq. (12). When the beam area is very large, s —
%, \,—0, and Eq. (14) reduces to Eq. (13). For
typical experimental conditions, numerical calcu-
lations show that the terms for p=1-16 must be
retained for adequate sum convergence in Eq. (14).

2.6. Samples containing species with similar dif-
fusion coefficients and an immobile species

Some samples can be described as containing a
number of discrete species with similar diffusion
coefficients as well as an immobile species,
although the data must have a high signal-to-noise
ratio to detect this condition. For the typical
experimental situation in which o — %, Eq. (13)
implies that [16]:

E(1)

S g BY _8
F =B Y|

1
) 05

where ., is the fraction of the pre-bleach fluores-

cence arising from molecules of the ith species,
D; is the diffusion coefficient of the ith species, ¢
is the number of mobile species, and it has been
assumed that all species bleach with equal effi-
ciency. At time zero, F(1)/F(—)=1—p. At longer
times, the normalized fluorescence recovery curve
plateaus at 1—B+B(w;+p,+...+py)/2.

2.7. Samples with rapidly mobile, slowly mobile
and immobile species

Given the typical signal-to-noise ratio of fluo-
rescence photobleaching recovery curves and the
intrinsic heterogeneity of many samples, a com-
mon condition is that the samples can best be
described as containing a rapidly diffusing species
(D,), a slowly diffusing species (D, =D, /10), and
an immobile species. To accurately measure D,
the data acquisition time must be extended into
the range where recovery arising from diffusion of
the rapidly mobile species through the 1/e2-radius
of the Gaussian beam is not negligible. Allowing
A, for the slowly diffusing species to approach
zero, one finds that [Egs. (13) and (14)]:

F(r) > (—a)?
=1+ y ——
F(—) p:l(p+1)!
X{l—ﬁ[l—i(esznz’-i-le*gkznﬂ]]
2 w2 9
BTN PO
2 (14X, 0)
|
11 2| e = K2Dit/ 1+ 1ty 4 — @ — OK2Dit /(1 + Nty
w2 9

(16)
where ; is the fraction of the pre-bleach fluores-
cence arising from molecules of the ith species
and \, is given by Egs. (8) and (12) with D=
D,. Numerical calculations show that Eq. (16)
adequately converges when the terms for p=1-16
are retained. In Eq. (16), F(0)/F(—)=1—; over
longer times, F(1)/F(—=)—=1—B+B(w, +p.)/2.
When \,—0, Eq. (16) reduces to Eq. (15) with
g=2. When the ruling is not present, k=0, and
Eq. (16) reduces to:

F(r) = (=) 1+(1—p At
[—]M:;O(pﬂ)! 1+

F(o) a
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When w,=1, Eq. (17) reduces to Eq. (12).
2.8. Limit of low bleaching depths

Eqgs. (16) and (17) are significantly more simple
in the limit of shallow bleaching (a<<1) where
only the p=1 term is required:

F(r) « T 8 1

=1——I1-=2]1-— 7K2D21+7 —9K2Do¢

F(—) 2{ 2 wz(e 9°¢ J]
R 1 { 8

,.n_2

2 1+
2 (1+\1)

X [efl(let/(l +Npt) + leflﬂ(let/(l +)\/,t)]}]}
9

(18)
where \ is given by Eq. (8) with D=D,. At time

zero, F(0)/F(—)=1—a/2 [Eq. (11) with a<1
and p=1; B=a/2). At long times, F(1)/F(—)—
1—(a/2)(1—w; —pm>/2). In the absence of the
ruling (k=0), Eq. (18) reduces to:

[ F(f) ] I+(1 =)\t

- zl_gil (19)
| F(—) lio 2 1+ Nt

Furthermore, when A\t < 1:

o o
— =1——+ -\ (20)
| F(=) Jiconiar 2 27

3. Materials and methods
3.1. Substrate-supported phospholipid bilayers

Substrate-supported planar phospholipid bilayers
were formed as previously described [14]. Fused
silica substrates (25X25X1 mm) (Quartz Scien-
tific, Fairport Harbor, OH, USA) were cleaned by
boiling in detergent (Lot 08778, ICN, Aurora,
OH, USA), bath sonicating, rinsing thoroughly
with deionized water, and drying at 160 °C. Imme-
diately before bilayer deposition, substrates
were cleaned in an argon ion plasma cleaner
(15 min, 25 °C) (PDC-3XG, Harrick Scientific,
Ossining, NY, USA). Small unilamellar vesicles
composed of 1-palmitoyl-2-oleoyl-sn-glycero-3-
phospocholine(POPC), cholesterol, and 1-acyl-
2-[12-[( 7-nitro-2-1,3-benzoxadiazol-4-yl )amino]

dodecanoyl]-sn-glycero-3-phosphocholine  (NBD-
PC) (Avanti Polar Lipids, Birmingham, AL, USA)
were prepared. Suspensions containing 2 mM
POPC/NBD-PC (98:2, mol/mol) or POPC/chol-
esterol/NBD-PC  (68:30:2, mol/mol/mol) in
deionized water were tip sonicated to form vesi-
cles. The vesicle suspensions were then clarified
by centrifugation at 130 000 X g for 30 min. Planar
bilayers were formed by applying 65 pl of the
vesicle suspensions to the substrates (30 min, 25
°C), reapplying 65 wl of the vesicle suspensions
to the substrates (1 h, 25 °C), and rinsing with 3
ml Tris buffer (0.05 M, pH 7.4).

3.2. Fluorescence pattern photobleaching recovery

Photobleaching measurements were carried out
on an instrument consisting of an argon ion laser
(Innova 90-3; Coherent, Palo Alto, CA, USA), an
inverted optical microscope (Zeiss Axiovert 35),
and a single-photon counting photomultiplier
(31034A; RCA, Lancaster, PA, USA). The 1/e?
beam radius was measured with a CCD (KAF-
1400, Photometrics, Tucson, AZ, USA) to be 75
wm when a beam expander (5X, Oriel Corp.,
Stratford, CT, USA) was placed in the beam path,
or 50 wm in the absence of the beam expander. A
series of parallel stripes was created by placing a
Ronchi ruling (50 lines per inch) in a back image
plane, resulting in a ruling periodicity in the
sample plane of a=19.5 pm. Other experimental
parameters were as follows: excitation wavelength,
488.0 nm; objective, 40X 0.75 N.A.; observation
power, 0.3—5 wW; bleach power, 0.5 W; bleach
pulse duration, 50-250 ms; and bleach depths,
60—80%. Fluorescence recovery was monitored
for 35 or 300 s after photobleaching, and data
were curve-fitted to theoretical forms by using the
Mathematica (Wolfram Research Inc., Champaign,
IL, USA) software package with Global Optimi-
zation (Loehle Enterprises, Naperville, IL, USA).
The fit parameters were constrained to ensure that
the best-fit values obtained were within experi-
mental limitations (0<w,,<1, p,;+p,<1 and
0<B<1) and consistent with the theoretical mod-
els (D, >D,).
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4. Experimental results
4.1. General comments

Previous work has suggested that when lipid
bilayers are deposited onto fused silica substrates
by vesicle adsorption and fusion, the fluorescent
lipid NBD-PC undergoes apparent single-compo-
nent diffusion when the vesicles are composed of
POPC and a high molar fraction of cholesterol,
whereas NBD-PC exhibits diffusional non-ideali-
ties when the vesicles are composed purely of
POPC [14]. These two sample types have been
used in this work to illustrate the applicability of
the theoretical results and to outline methods by
which these results can be used to analyze the
diffusional properties of fluorescent molecules in
two-dimensional samples as measured by FPPR.

4.2. FPPR data

Typical recovery curves for membranes com-
posed of POPC/cholesterol/NBD-PC or POPC/
NBD-PC are shown in Figs. 3 and 4, respectively.
Data were acquired on both sample types, for
acquisition times of 35 s or 5 min, for two beam
sizes, and in the presence (a=19.5 pm) or absence
(a—> o or k=0) of the ruling. As shown, the
characteristic rate of recovery is slower for the
fluorescent lipid in cholesterol-containing samples
than for samples containing only POPC. Recovery
due to the exchange of bleached molecules from
within the observation area with unbleached mol-
ecules from outside the observation area is more
significant for the smaller observation area than
the larger for both sample types. Similarly, this
recovery is more significant for POPC samples
than for cholesterol-containing samples due to the
faster diffusion of the fluorescent lipid in samples
without cholesterol. For all conditions, the fluores-
cence was stable over the acquisition time in the
absence of the bleach pulse.

4.3. Analysis of FPPR data using the expressions
for a beam of infinite extent

FPPR recovery curves were fit to Eq. (15) with
g=1 and B, p, and D, as free parameters (Fig.

5a,b and Fig. 6a,b). For six of the eight experi-
mental conditions (two membrane compositions,
two beam sizes, and two acquisition times), this
theoretical form did not adequately fit the data as
indicated by large values of xZq (>1). Only for
cholesterol-containing membranes observed over
the shorter acquisition time (35 s) were the values
of x24 acceptably small (Table 1). FPPR recovery
curves were also fitted to Eq. (15) with g=2 and
B, Dy, D, ., and ., as free parameters (Fig. 5¢,d
and Fig. 6¢,d). F-statistic analysis determined that
this theoretical form, which introduces a second
mobile component, was not justified for cholester-
ol-containing membranes observed over the shorter
acquisition time (F<3) [16]. This further confirms
that Eq. (15) with g=1 adequately describes these
data. FPPR curves representing POPC membranes
observed over the shorter acquisition time were fit
well by this model as indicated by the low xZ4
values reported in Table 1. Similarly, F-statistic
analysis yielded F> 3, indicating that the use of
the two-component model is justified when com-
pared to the single component model for these
data. On the contrary, this model did not adequate-
ly fit any of the data observed over the longer
acquisition time (5 min). Here, xZ, values were
in the range 1.0-1.8, where higher values corre-
spond to samples with faster diffusion and/or
smaller observation areas. The reason the theoret-
ical form representing an infinite Gaussian beam
shape does not accurately describe the long-time
data is that the exchange of bleached molecules
with unbleached molecules through the intensity
gradient of the Gaussian shape is no longer negli-
gible with longer acquisition times. This exchange
is evidenced by the fluorescence recovery in the
absence of the ruling (Fig. 3c,d and Fig. 4¢,d) and
by the observation that the fluorescence recovery
in the presence of the ruling is greater than one-
half the bleached fluorescence.

4.4. Low bleach approximation

To accurately describe the recovery curves for
the remaining four experimental conditions (longer
acquisition times), it was necessary to apply a
model that accounts for fluorescence recovery from
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Fig. 3. FPPR data for POPC/cholesterol planar membranes. These plots show typical recovery curves for NBD-PC diffusion in
planar membranes made from vesicles composed of POPC and cholesterol. The stripe period, a, is equal to (a,b) 19.5 wm or (c,d)
. The 1/e?-radius of the Gaussian shaped illuminated area is (a,c) 75 pm and (b,d) 50 pwm.

across the Gaussian shape, as well as from across
the stripes. However, the general expression for
this condition [Eq. (16)] is not a tractable fitting
form because of the large number of p-values
(>16) necessary for sum convergence (Fig. 2).
To address this issue, simulated recovery curves
were generated with Eq. (16) using p=1-20.
Recovery curves were simulated, with the para-
meters s and a set to their measured values, for
fractional mobilities and diffusion coefficients in
the ranges of those shown in Table 1 and for
bleach depths in the range 60%—85%. Simulated
recovery curves were then fit to Eq. (18) [the low-
bleach limit of Eq. (16)]. Curves calculated from
Eq. (16) with w,=0 were fitted to Eq. (18) with
w>=0 and a, ., and D, as free parameters. Curves
calculated from Eq. (16) with p,#0 were fitted

to Eq. (18) with «, wy, ms, Dy and D, as free
parameters. Resulting best-fits yielded values of a
and D,, within<10% and values of w,, within
<15% of the values used to simulate the data.
Simulated recovery curves representing a single
diffusing species [Eq. (16) with w,=0] were not
artifactually fit by the two component model [Eq.
(18) with w,+#0) under any of the conditions
evaluated. These simulations indicate that Eq. (18)
is a reasonable approximation to Eq. (16) even for
rather deep bleached fractions.

4.5. FPPR data in the absence of the ruling
Recovery curves obtained in the absence of the

ruling (k=0) were fitted to Eq. (20) with « and
i\ as free parameters, and to Eq. (19) with «,
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Fig. 4. FPPR data for POPC planar membranes. These plots show typical recovery curves for NBD-PC diffusion in planar membranes
made from vesicles composed of POPC. The stripe period, a, is (a,b) 19.5 pm or (c,d) . The 1/e>-radius of the Gaussian shaped

illuminated area is (a,c) 75 wm and (b,d) 50 pm.

W, and \ as free parameters (Fig. 7). Data acquired
over 35 s were adequately fit by Eq. (20) (xZ%4<
1), but data acquired over 5 min required Eq. (19)
for all sample types. For all sample types, the
average product .\ obtained by fitting the shorter
time data to Eq. (20) and the longer time data to
Eq. (19) were equivalent within experimental
error. Diffusion coefficients (D,), obtained from
values of A, corresponding to the best-fits of the
5-min acquisition time data, were consistent with
those obtained from the best-fits to similar FPPR
curves obtained with the ruling in place. The
measured values of ;A are shown in Table 2. The
ratios of the values of these products for the two
beam sizes are =2.0 and are equivalent, within
experimental uncertainty, to the square of the beam

size ratio (2.2+0.2), given a 5% error in the
measurement of s.

4.6. Analysis of FPPR data using the low bleach
limit for a beam of finite extent intersected by a
ruling

Recovery curves were fit to the model repre-
senting a single diffusing species [Eq. (18), p,=
0] with o, D, and w, as free parameters. The
product ;N was set to the average value deter-
mined from the recovery data taken with no ruling
(Table 2). This theoretical form fit the short time
data for the POPC/cholesterol samples moderately
well, but there was no improvement over fits to
Eq. (15) with g=1 (Fig. 5a,e). Similarly, there
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Fig. 5. Best-fits of FPPR data to theoretical forms for POPC/cholesterol planar membranes. A typical recovery curve for NBD-PC
diffusion in a planar membrane made from vesicles composed of POPC and cholesterol is shown along with the best-fits to different
theoretical forms. The acquisition time was (a,c.e,g) 35 s and (b,d,f,h) 5 min. The curve was fitted to (a,b) Eq. (15) with ¢g=1;
(c,d) Eq. (15) with g=2; (e,f) Eq. (18) with p,=0; and (g,h) Eq. (18). Free parameters were (a,b,e,f) a or 8, D; and p,; (c,d,g,h)
a or B, Dy, D,, i, and w,. For (e-h), the product w,\ in Eq. (18) was fixed at its average value as determined by fitting the
recovery data with no ruling. In all fits, the 1/e?-radius of the Gaussian-shaped illuminated area and the stripe period were s="75
pm and a=19.5 wm. Best-fit values and xZ4 are: (a) B=0.76, D;=8.01X10"° cm?/s, u; =0.88 and x2,=0.85; (b) B=0.73,
D, =431X107° cm?/s, u;=0.99 and xZ,=1.05; (¢) =0.79, D;=4.33X10"% cm?/s, D,=5.59X10"° cm?/s, w;=0.19, p,=
0.79 and x24=0.84; (d) B=0.73, D;=2.36X10"% cm?/s, D,=3.91X107° cm?/s, p, =0.09, pn,=0.91 and x%,=1.03; (¢) B=
0.76, D;=8.17X107° cm?/s, ., =0.86 and x2,=0.85; (f) B=0.71, D, =5.36X10"? cm?/s, p; =0.89 and xZ,=1.01; (g) B=
0.84, D;=8.07x10"% cm?/s, D,=8.13X107° cm?/s, pu,;=0.19, pn,=0.78 and xZ%,=1.06; and (h) B=0.78, D, =2.26X 1078
cm?/s, D,=4.05X107° cm?/s, w,=0.31, w,=0.69 and x2Z,=0.98.
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Fig. 6. Best-fits of FPPR data to theoretical forms for POPC planar membranes. A typical recovery curve for NBD-PC diffusion in
a planar membrane made from vesicles composed of POPC is shown along with the best-fits to different theoretical forms. The
acquisition time was (a,c,e,f) 35 s and (b,d,f;h) 5 min. The curve was fit to (a,b) Eq. (15) with g=1; (c,d) Eq. (15) with g=2;
(e,f) Eq. (18) with w,=0; and (g,h) Eq. (18). Free parameters were (a,b,e,f) « or B, D, and w,; (c,d,g,h) a or B, Dy, D,, ., and
W,. For (e~h), the product p,\ in Eq. (18) was fixed at its average value, as determined by fitting the recovery data with no ruling.
In all fits, the 1/e*radius of the Gaussian-shaped illuminated area and the stripe period were s=75 pm and a=19.5 wm. Best-fit
values and xZ4 are (a) B=0.66, D; =1.35X 1078 cm?/s, u; =0.79 and x2%,=1.01; (b) B=0.57, D;=2.35X10"° cm?/s, u;=0.93
and xZ.=1.18; (¢c) B=0.73, D;=4.53X10"% cm?/s, D,=4.23X10"? cm?/s, w,;=0.50, p,=0.50 and xZ,=0.94; (d) B=0.60,
D;=135X10"% cm?/s, D,=1.44X10"° cm?/s, pu; =0.33, w,=0.66 and x2,=1.06; (e¢) p=0.67, D;=1.50X10"% cm?/s, ;=
0.77 and xZ,=1.00; (f) B=0.58, D;=4.63X10"? cm?/s, n,=0.76 and xZ,=1.05; (g) B=0.73, D,=6.96X10"% cm?/s, D,=
5.38X107% ecm?/s, w;=0.48, w,=0.46 and x%,=0.98; and (h) =0.73, D;=3.75X10"% cm?/s, D,=5.38X10"° cm?/s, p,=
0.57, p,=0.42 and x2Z4=0.99.
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Table 1
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Diffusion coefficients and fractional mobilities as determined by the best-fits of FPPR data for short acquisition times to the
theoretical form for infinite beam size

Beam radius 100 p, D, 100 D, XZa

(s) (um) (1078 ecm?s™Y) (1078 ecm?s™1)

POPC/cholesterol®

75 81 (1) 0.71 (0.01) - - 0.93 (0.01)
50 78 (1) 0.74 (0.01) - - 0.96 (0.01)
POPC®

75 48 (3) 3.95 (0.26) 48 (6) 0.45 (0.05) 0.99 (0.02)
50 40 (1) 3.89 (0.13) 59 (1) 0.39 (0.03) 0.96 (0.01)

The acquisition time was 35 s, and the stripe periodicity was a=19.5 pm. The numbers in parentheses represent standard
deviations (S.D.) of the means, and averages are over three different samples and 15 curves.

2 The values represent best-fits to Eq. (15) with g=1 and B, p; and D, as free parameters.

® The values represent best-fits to Eq. (15) with g=2 and B, p,, w», D, and D, as free parameters.
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Fig. 7. Best-fits of fluorescence photobleaching recovery data to theoretical forms for an infinite stripe period. Recovery curves for
NBD-PC diffusion in planar membranes made from (a,b) POPC and cholesterol and (c,d) POPC were acquired in the absence of
the Ronchi ruling (a= % and k=0). The 1/ e?-radius of the Gaussian-shaped illuminated area was s =75 wm. These data were fitted
to Eq. (20) with « and ;N as free parameters (a,c) or Eq. (19) with «, ., and \ as free parameters (b,d). Best-fit values and
X2q are (a) a=4.99, L,,A=1.0X10"3 s ! and x2,=0.99; (b) =499, n; =0.93, A\=1.0X10"3 s7! (u,A=0.93X 1073 s !) and
X2a=0.99; (¢) a=4.99, W A=2.0X10"3 s7' and x%;=0.96; and (d) a=4.99, n,;=0.90 and N\=2.1X10"3 s™' (u\=
1.9%1073 s71) and x24=0.97.
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Table 2

Diffusion coefficients and fractional mobilities as determined by the best-fits of FPPR data to the theoretical form for two diffusing

components and a finite beam size intersected by a ruling

Beam radius TN 100 ., D, 100 D, XZa

(s) (um) (1073 s7h (107 % cm? s 1) (1078 cm?s™ 1)

POPC and cholesterol

75 0.57 (0.02) 41 (2) 1.47 (0.05) 55 (2) 0.29 (0.02) 0.99 (0.01)
50 1.14 (0.03) 49 (2) 1.17 (0.05) 46 (2) 0.18 (0.01) 0.99 (0.01)
POPC

75 1.04 (0.01) 60 (4) 3.42 (0.37) 37 (4) 0.31 (0.10) 0.99 (0.01)
50 2.04 (0.03) 60 (4) 3.12 (0.25) 39 (4) 0.27 (0.09) 1.00 (0.01)

The acquisition time was 5 min, and the stripe periodicity was a=19.5 wm. The numbers in parentheses represent S.D. of the

means, and averages are over three different samples and 15 curves.

was no significant improvement in the fits of short
time POPC data to Eq. (18) with w,=0 as
compared to Eq. (15) with ¢g=2 (Fig. 6¢c,e). At
longer times, Eq. (18) with w,=0 did not ade-
quately represent any of the sample types as
indicated by the x2, values in the range of 1.0—
1.2 where higher values correspond to samples
with faster diffusion and/or smaller observation
areas (Fig. 5f and Fig. 6f).

Recovery curves were next fit to Eq. (18) with
o, Dy, D,, i, and ., as free parameters, and ;A\
set to its determined value. This theoretical form
adequately fit all four sample types, measured over
the longer acquisition time. The use of this form
is statistically justified over the form for a single
diffusing species [Eq. (18), w,=0] as indicated
by F-statistic values in the range of 20-400.
Similarly, #-test analysis confirmed that the x*-
goodness-of-fit parameters, representing the best-
fits to Egs. (18) and (15) with g=2, were different
with 95-98% certainty, and x2, representing Eq.
(18) were lower for all sample types. The best-fit
parameters and x24 values for fits to Eq. (18) are
shown in Table 2. The best-fit values obtained for
the diffusion coefficients and fractional mobilities
in membranes composed of POPC were approxi-
mately consistent with those obtained from fits of
the shorter duration data to Eq. (15) with g=2
(Table 1) as well as with previous results [14]. On
the contrary, longer duration FPPR curves for the
cholesterol-containing membranes demonstrated
non-ideal diffusion, better described by a two-
component model, unlike the shorter duration data,

which were described well by Eq. (15) with g=
1. Data acquired over the shorter acquisition time
were also fit to this model, but there was no
improvement in x24 as compared to fits to Eq.

(15).
5. Discussion

When probed with FPPR over short acquisition
times (Table 1), the fluorescent lipid probe NBD-
PC exhibits multi-component diffusion in planar
membranes composed of POPC. For the same
experimental conditions, data for this probe in
POPC /cholesterol planar membranes are adequate-
ly described by a single diffusing component, but
the apparent mobile fractions are significantly less
than one (Table 1). Because of the apparent
presence of this immobile fraction, as well as the
magnitude of the slower diffusion coefficients
observed for POPC membranes, it is necessary to
acquire data over longer time periods (5 min).
However, significant recovery is observed over
this longer time period in the absence of the
Ronchi ruling, and in the presence of the ruling,
the fluorescence recovers to a value corresponding
to greater than one-half of the bleached fluores-
cence (Figs. 3 and 4). These effects are most
likely due to exchange of bleached and unbleached
molecules through the spatial intensity gradient of
the Gaussian-shaped beam rather than through the
striped regions created by the Ronchi ruling. This
difficulty cannot be accommodated by using a
smaller stripe periodicity, because the recovery
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times for the more rapidly diffusing component
through the stripes is not much larger than the
minimum bleach time required by using standard
argon ion laser powers. Therefore, a theoretical
formalism, which accounts for contributions to the
recovery curves from the larger, Gaussian-shaped
spatial profile of the excitation intensity [Egs. (2)
and (3)], is required.

A general solution for FPPR recovery curves
when the excitation intensity is the product of a
circular Gaussian and a linear square wave (Fig.
la) is given in Egs. (6)—(8) for a single diffusing
component. The shape of the fluorescence recovery
is not a simple sum or product of two functions
which reflect the two features (beam shape and
ruling) giving rise to the spatial dependence of the
intensity. A simpler approximation to the general
solution, shown in Egs. (6)—(8), which is appli-
cable when the 1/e?radius of the beam is only
slightly larger than the stripe periodicity, is given
in Eq. (14). In practice, the signal-to-noise ratio
is usually such that FPPR data can be adequately
described by two components with different dif-
fusion coefficients and an immobile component.
Typical signal-to-noise ratios do not usually
accommodate a third mobile component. In the
case where only the more rapidly diffusing com-
ponent contributes to fluorescence recovery via
motion through the overall Gaussian shape of the
beam and o>1, the shape of the fluorescence
recovery is given by Eq. (16). This function is not
simple for non-linear curvefitting, because the sum
over the integer p does not rapidly converge.
However, numerical simulations indicated that
retaining only the p=1 term (the low-bleach limit)
was adequate for typical experimental conditions.
This further approximation [Eq. (18)] was used
for subsequent data analysis.

The new formalism for analyzing longer acqui-
sition time FPPR data adequately described the
translational mobility of a fluorescent lipid in both
POPC and POPC/cholesterol planar membranes
(Table 2). For POPC membranes, best-fit values
of the diffusion coefficients and fractions of each
mobile species were equivalent within experimen-
tal error when comparing results for the two
different observation beam radii. For POPC/cho-

lesterol membranes, the values were approximately
equivalent. The best-fit values describing diffusion
in the POPC membranes obtained over the shorter
acquisition time fitted to Eq. (15) with g=2 (Table
1) and those obtained over the longer duration fit
to Eq. (18) (Table 2) are in good agreement. On
the contrary, FPPR curves representing the POPC/
cholesterol membranes were well described by a
single diffusing component for the shorter acqui-
sition time (Table 1), but heterogeneous behavior
was observed at the longer acquisition time (Table
2). The diffusion coefficients and fractional mobil-
ities shown in Tables 1 and 2 are in the same
range as those previously reported [14,18-20].

The data demonstrate that the translational
mobility of lipids in supported membranes may be
adequately described by the new theoretical for-
malism described here. This formalism might be
applicable not only to lipids in planar membranes,
but also to proteins in or bound to planar mem-
branes [21,22], molecules in polymer films [23—
25], polymers in liquid crystalline solutions [26]
and proteins in intact cell membranes [27-31].
With minor theoretical adaptations, the formalism
might also be applicable to fringe FPPR
[21,22,27-32], in which the pattern is formed by
the interference of two different beams rather than
with a Ronchi ruling.

Acknowledgments

We would like to thank Craig Loehle of Loehle
Enterprises for assistance with adapting the avail-
able Mathematica data analysis routine to our
application. This work was supported by NSF
Grant MCB-0130589.

Appendix A: Expansions and sums

The coefficients ¢, sum as follows:

Yo=Y cucn=1

n odd m,n odd (Al)
1 8 1

Y a=5Y 5=1

2n odd 2n oddn2
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Deriving the general expression for F(z) [Egs.
(6)—(8)] requires the following expansion:

= (—klo)’ 2p(x*+y?)
e e = y L expl
p!

p=0 $

X{; [1 + i cncos(nkx)]}p (A2)

n odd

Because the last factor in Eq. (A2) is a square
wave with magnitude ranging from zero to one:

[1 + i cncos(nkx)]p

n odd

=2”‘[1+ i c,,cos(nkx)] p>0 (A3)

n odd

Derivation of the bleached fraction 8 [Eq. (10)]
requires the following sum:

(m+n)?
et

m,n odd
[ (m+n)? ]}
+ - =2 A4
exp 1+p o (A4)
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