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A Generalization of Theory for Two-Dimensional Fluorescence Recovery
after Photobleaching Applicable to Confocal Laser Scanning Microscopes
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ABSTRACT Fluorescence recovery after photobleaching (FRAP) using confocal laser scanning microscopes (confocal FRAP)
has become a valuable technique for studying the diffusion of biomolecules in cells. However, two-dimensional confocal FRAP
sometimes yields results that vary with experimental setups, such as different bleaching protocols and bleaching spot sizes. In
addition, when confocal FRAP is used to measure diffusion coefficients (D) for fast diffusing molecules, it often yields D-values
that are one or two orders-of-magnitude smaller than that predicted theoretically or measured by alternative methods such as
fluorescence correlation spectroscopy. Recently, it was demonstrated that this underestimation of D can be corrected by taking
diffusion during photobleaching into consideration. However, there is currently no consensus on confocal FRAP theory, and no
efforts have been made to unify theories on conventional and confocal FRAP. To this end, we generalized conventional FRAP
theory to incorporate diffusion during photobleaching so that analysis by conventional FRAP theory for a circular region of interest
is easily applicable to confocal FRAP. Finally, we demonstrate the accuracy of these new (to our knowledge) formulae by measuring
D for soluble enhanced green fluorescent protein in aqueous glycerol solution and in the cytoplasm and nucleus of COS7 cells.

INTRODUCTION

Fluorescence recovery after photobleaching (FRAP) was
developed using a wide-field microscope equipped with a
static laser in the 1970s to investigate the diffusion of
proteins in membranes. The theory for FRAP with a static
laser, which we will refer to herein as conventional FRAP,
is well described (1). As commercial confocal laser scanning
microscopes with controlled photobleaching capabilities
have become widely available, confocal FRAP has become
a valuable technique to study the mobility of cellular compo-
nents (2-4).

Confocal FRAP differs in several important ways from
conventional FRAP. In conventional FRAP, a static laser
with either a Gaussian profile or a uniform disk profile
defines both the bleaching region of interest (ROI) and the
observation ROI, and switching between bleaching mode
and observation mode is carried out by rapidly attenuating
the laser intensity. On the other hand, in confocal FRAP, a
scanning laser with a fixed beam radius is used to image
the specimen and perform the photobleach. This has both
pros and cons. Since the bleaching ROIs are filled by lines
of laser scans, noncircular ROIs can easily be considered.
Even better, the bleaching ROI may not necessarily be the
same as the observation ROI, allowing for direct visualiza-
tion of the movement of bleached molecules away from
the bleach ROI into the surrounding area (5). However, for
confocal FRAP using laser scanning confocal microscopes,
the scanning time is not infinitesimally small and it takes
a relatively long time for a large ROI to be scanned.
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Due to the long scanning time of confocal laser scanning
microscopes (approximately seconds), when conventional
FRAP analysis is applied to confocal FRAP measurements
for fast diffusing molecules like soluble enhanced green fluo-
rescent protein (EGFP), underestimated values of D are often
obtained (6,7). Even worse, these values vary as a function of
bleaching spot sizes and bleaching scan times (6,8). Recent
studies indicate that the underestimation of D is mainly
due to the relatively long bleaching time and corresponding
diffusion that occurs during photobleaching (6,7).

It was further demonstrated that underestimation of D for
fast diffusing proteins in confocal FRAP can be corrected
by considering diffusion during photobleaching by gener-
ating mathematical models incorporating realistic initial
conditions (7,9), while the conventional formalism (1) is still
valid for slowly diffusing molecules. However, the functional
form of currently available confocal FRAP formula (7,9)
differs considerably from that of conventional FRAP analysis,
making it difficult to apply a theory based on the conventional
FRAP analysis directly to confocal FRAP data. Thus, we
sought to develop a simple yet generalized FRAP theory for
two-dimensional circular ROIs that encompasses the features
of both conventional FRAP and confocal FRAP and that is
applicable to both rapidly and slowly diffusing molecules.

MATERIALS AND METHODS

A glossary of symbols appearing in this study can be found in Supporting
Material A.

Conventional FRAP theory

In conventional FRAP, FRAP formulae come in two different forms based on
the laser profiles: a Gaussian laser and a uniform disk laser profile (1). For the
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case of a Gaussian-type detection laser profile (/;,), the formulation of the
conventional FRAP formula for fluorescence recovery in time (F(¢)) is given by

FO) = [ ()] Courdsds, )

2 2
3 r

Ir“ ('xiy) =

where ¢ is the quantum yield of the fluorophores, and €/, (x, y) is the attenu-
ated excitation laser (¢ < 1) with nominal radius r,,, defined as the half-width
at ¢ 2 height of the maximal laser intensity (/o). For a uniform-disk-type
detection laser profile, I (x,y), we consider
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in the position of ;, (x,y) in Eq. 1.
C(x, y, t) describes the evolution of the fluorescence molecule concentra-
tion in space and time. In general, C(x, y, ) is a solution of mathematical

models. If pure diffusion with a diffusion coefficient, D, is assumed, then
C(x, y, t) in two dimensions can be represented as

C(x,y,t) = ﬁ//RZC(x’,y,,O)
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where the initial postbleach profile can be approximated by an exponential
function of the Gaussian laser profile, /;, (1,6-9):

2 2
C(x,y,0) = CieXP{KeXp(WH. 5)

Here, K is a bleaching-depth parameter and C; is prebleach steady-state fluo-
rescence molecule concentration. In the conventional FRAP theory, Eq. 1
for a Gaussian laser is represented as (1)

j— - (7K)m
FO=F) vy ©

where 7 = r%/(4D). In addition, for the uniform disk laser profile, Eq. 1 can
be reduced to (10)

e ) () o

where I, are modified Bessel functions (k = 0, 1).

EGFP in Bis:Acrylamide gel and aqueous glycerol
solution

Purified enhanced green fluorescent protein (EGFP) (courtesy of D. Piston)
was immobilized in a 20% Bis:Acrylamide gel by mixing EGFP with the
Bis:Acrylamide solution before the addition of ammonium persulfate and
N, N, N, N'-tetramethylethylenediamine. A final EGFP concentration of
100 nM was achieved. Immediately following the addition of the polymer-
izing agents, a small aliquot was pipetted under glass cover slides on micro-
scope slides. FRAP was performed 5-30 min after the polymerization of the
Bis:Acrylamide gel.

For measurements of EGFP diffusion in solutions of aqueous glycerol,
purified EGFP was suspended into dH20 and glycerol (40, 50, and 70%
glycerol by mass) to a final EGFP concentration of 0.8 uM.
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Cells and transfections

COS7 cells (ATCC, Manassas, VA) were plated in Dulbecco’s modified
Eagle’s medium +10% fetal bovine serum onto glass cover slides two
days before FRAP. Cells were maintained at 37°C and 5% CO,. Cells
were transfected with a p53-EGFP plasmid (11) or EGFP construct (Clon-
tech, Mountain View, CA) using FuGENE 6 transfection reagent (Roche
Applied Science, Hoffmann-La Roche, Basel, Switzerland) one day before
FRAP. For FRAP experiments, the cells were mounted in phenol-red free
Dulbecco’s modified Eagle’s medium supplemented with 25 mM HEPES
and 1 mg/mL bovine serum albumin.

Confocal FRAP

FRAP experiments were carried out on a Zeiss LSM 510 confocal microscope
(Carl Zeiss Microlmaging, Jena, Germany) using filter sets provided by the
manufacturer. Imaging was performed using a 40 x 1.3 NA Zeiss Plan-Neo-
fluar objective at 4 x zoom. EGFP was excited at 488 nm. The confocal
pinhole was set to 1.01 Airy units and images were collected, with no line
averaging, at 1% transmission. Experiments were performed using a circular
bleach ROI centered within a rectangular or square observation ROIL

Confocal laser scanning profile on 20%
Bis:Acrylamide gel

Data were collected over an 80 x 30 pixel (9.0 um x 3.4 um) observation ROI
containing a circular bleach ROI 20 pixels (2.3 um) in diameter. EGFP was
bleached at 488 nm for 10 scans (0.425 s) using an Argon laser (Zeiss LSM
510 confocal microscope, Carl Zeiss Microlmaging, Jena, Germany) at 25%
power. Pre- and postbleach images were collected at a lower laser power.
Data were collected for 70 scans. FRAP measurements were carried out at 22°C.

EGFP diffusion in the aqueous glycerol solutions

Data were collected using a square observation ROIof 70 x 70 pixel (7.7 um x
7.7 um) containing a circular bleach ROI of 20 pixels (2.2 um) in diameter or
a 50 x 50 pixel square observation ROI (5.5 um x 5.5 um) with a circular
bleach ROI 10 pixels (1.1 um) in diameter. EGFP was bleached at 488 nm
for 40 scans using an Argon laser (Zeiss LSM 510 confocal microscope,
Carl Zeiss Microlmaging) at full power. The final bleach time was 0.444—
1.600 s, depending on ROI size and number of bleaching iterations. Pre-
and postbleach images were collected at a lower laser power. Data were
collected for 117 scans. FRAP measurements were carried out at 30°C using
a stage heater (Pecon GmbH, Erbach, Germany).

EGFP diffusion in COS7 cells

Data were collected at 22°C using a square observation ROI of 70 x 70 pixel
(7.7 pm x 7.7 um) containing a circular bleach ROI 20 pixels (2.2 um) in
diameter or a 50 x 50 pixel square observation ROI (5.5 um x 5.5 um) with
a circular bleach ROI 10 pixels (1.1 um) in diameter. For bleaching, the 488
laser power was increased to 100% and the bleach region was scanned
repeatedly either 20 times or 40 times. This resulted in the following bleach
times: 20 scans, 0.44 s for the 10 pixel bleach spot and 0.87 s for the 20 pixel
bleach spot; and 40 scans, 0.79 s for the 10 pixel bleach spot and 1.6 s for the
20 pixel bleach spot. During recovery, images were collected every 0.098 s for
the 50 x 50 pixel observation ROI or 0.14 s for the 70 x 70 pixel observa-
tion ROI for a total of 9.407 s or 13.02 s, respectively. FRAP measurements
were carried out at 22°C.

Normalization of recovery curves

Confocal FRAP recovery curves were generated by plotting the mean fluo-
rescence intensity within the nominal bleach ROI over time. The first image
collected after the bleach was set as t = 0. The recovery curves were normal-
ized by dividing by the average fluorescence intensity of the observation
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ROI for the first prebleach image (F;). No background subtraction was
performed. Since the detector blinking has been reported as negligible in
circular region photobleaching (9), no adjustment was made to the FRAP
data to correct for this effect.

Laser profiles and effective radius (r.)

To generate initial postbleach profiles, fluorescence intensities from the first
postbleach image were measured along two diagonals of the observation
ROIs. The fluorescence intensities were normalized by dividing by the mean
prebleach fluorescence intensity as described above. The mean was calculated
for 10 normalized initial postbleach fluorescence intensity profiles from each
set of experimental parameters. The mean profiles were then fitted by

flx,y) = exp(—KeXP<—M)) ®)

2
Te

with the bleaching depth parameter (K) and an effective radius (r,) as fitting
parameters to minimize the sum of mean-square errors.

Data fitting and weighted residual

The FRAP curves were normalized by the mean prebleach fluorescence
intensity (F;) and the mean of 10 normalized FRAP data sets was used for
data fitting. Data fitting was carried out by minimizing a weighted residual
between averaged FRAP data from 10 experiments (Fp,,(f)) and a theoret-
ical FRAP curve (F (7)), where the weighted residual is defined by

VFoualt) — F@)| = [ FR@=FOL

0 g + fFData(C>d:
0

where s is the last timepoint of FRAP data.
In Eq. 9, the difference |Fp,u(§) — F(£)| was weighted by time (£) so that
differences in the early time period contribute more to the residual. To

S
remove a singularity at ¢ = 0, the total area of FRAP data ([ Fpaa(£)d?)
0

was added in the denominator as a normalization. By doing this, the
goodness of fitting can be compared from one data set to another.

RESULTS

Dependence of D,, on experimental setup
in confocal FRAP

To determine the extent to which diffusion during photo-
bleaching impacts measurements of D for fast diffusing
molecules using confocal FRAP, we performed FRAP
measurements for two soluble proteins. The first, EGFP, is
an example of a protein that does not interact with cellular
components. The second, p53-EGFP, is a DNA-binding
protein that undergoes weak interactions with chromatin
under steady-state conditions, causing it to diffuse more
slowly than predicted by the Stokes-Einstein equation (11).

To be able to visualize the extent to which bleached mole-
cules diffuse during the photobleaching, we imaged a square
region of interest, within which we defined a circular region
to photobleach. To determine how much the measured D
depends on experimental conditions, we performed experi-
ments using circular bleaching spots with either a 0.55- or
1.1-um nominal bleach radius r,, for either 20 or 40 photo-
bleaching scans at 100% laser power.
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Representative images from confocal FRAP experiments
for EGFP and p53-EGFP are shown in Fig. 1. When the
two proteins were photobleached under identical conditions,
the boundary of the bleaching region for p53-EGFP was well
defined, while no well-defined boundary was observed for
EGFP in either the nucleus or cytosol (Fig. 1 A). However,
even for p5S3-EGFP the bleached region appeared signifi-
cantly larger than the region selected for photobleaching.
This indicates that 1), diffusion during photobleaching
occurs for both proteins; and that 2), diffusion of EGFP is
faster than that of p53-EGFP (since the extent of diffusion
during the photobleach is greater for EGFP than for p53-
EGFP).

We next generated recovery curves from such experiments
and used them to calculate halftimes of recovery. We then fit
the resulting recovery curves with a conventional FRAP
formula (Eq. 6) and calculated the resulting D assuming the
nominal bleach radius (D,). While the fits to the FRAP curves
appear reasonable (Fig. 1 B, solid lines), the resulting D,
values were much smaller than previously reported in the
literature by fluorescence correlation spectroscopy (Fig. 1 D).
Thus, failing to correct for diffusion during the photobleach
leads to gross underestimates of D,. And thus, while these
data are clearly characteristic of a diffusional recovery, the
reported D, using this method is erroneous.

To determine how much the experimental setup affects the
apparent D,, values, we compared D,, values as a function of
several different bleach spot sizes and numbers of bleaching
scans. In agreement with other studies (8), we found that D,
for EGFP was dependent on both of these experimental
parameters (Fig. 1 D). In particular, D, values obtained by
the conventional FRAP analysis were larger for larger
bleaching ROIs. The dependence on the number of bleaching
scans was relatively weak, possibly due to the use of >20
iterations of photobleaching scans (6). Nevertheless, for
more bleaching scan iterations, smaller D,, values tended to
be obtained as reported in Weiss (6). These data indicate
that under the conditions of these experiments, the conven-
tional FRAP formula is not applicable and yields inaccurate
results. We therefore next sought how to generate a FRAP
formula that would accommodate these intrinsic features of
confocal FRAP measurements.

Derivation of a generalized FRAP formula that
accounts for diffusion during the photobleach

As illustrated above, a major factor contributing to the under-
estimation of D and dependence of D on experimental condi-
tions in confocal FRAP is diffusion during the photobleach
that is a result of the finite time required to scan the specimen
(6,7). Several methods have been proposed to correct for this
effect. One of these, proposed by Braga et al. (7), addresses
this issue by incorporating an effective radius as well as a
nominal bleach radius into the FRAP model. In addition,
this model assumes that the detector profile is a step function
(uniform laser profile) that is zero outside of the region that

Biophysical Journal 97(5) 1501-1511



1504 Kang et al.

A B 1.0

0.8 . e .
FIGURE 1 Visualization of diffusion during the photo-
EGFPytos0l w 0.6 bleach in confocal FRAP and dependence of D on experi-
w 04 mental parameters. (A) Representative images taken from
EGFP, cieus u:EGFP confocal FRAP measurements of a fast diffusing molecule
0.2 . cytosol (EGFP) and a more slowly diffusing molecule (p53-
o EGFF’nut:leus
+ P53 cleus EGFP). The bleach spot (dashed circle, r, = 1.1 um)
P53 nucieus 0 0 2 4 6 8 10 12 14  was scanned 20 times using 100% laser power before
time (s) acquisition of the first postbleach image. Bar = 2 um.
c D (B) Comparison of confocal FRAP curves for EGFP in
1.5 the cytosol and the nucleus and p53-EGFP in the nucleus.
15 ‘ (1 JEGFPyio501 MEGFPnu@ Data represent the averaged FRAP data for 10 cells from a
- n } representative experiment. (C) Dependence of D on exper-
P~ > ! imental parameters for EGFP in the cytosol and the
:E:. 1 g nucleus. (D) Comparison of D-values of EGFP and p53-
- — 05 ‘ EGFP in COS-7 cells as measured using the conventional
Qs Qv FRAP formula (Eq. 6). Each bar shows the mean = SD
for one of four different combinations of FRAP setups
0 0 (20 or 40 photobleaching iterations, 0.55-um or 1.1-um
20it 40it 20it 40it \0‘50 g\z\\e g\qu bleaching ROI radius).
r,=0.55 ym ;=11 pm & Q& o
& Q’O Q

was bleached (7,12). This reflects the fact that in confocal
FRAP, fluorescence recovery is monitored by scanning the
laser across the sample and then averaging the fluorescence
within the bleaching ROI. This is different from the case
where the bleaching and detection laser profiles are both
Gaussian, as is typically assumed in analysis of conventional
FRAP measurements where the same laser is used to perform
the photobleach and then to monitor the fluorescence in the
bleach ROL

As mentioned above, Braga and colleagues incorporated
these two features into their confocal FRAP model by
assuming a Gaussian laser profile with an effective radius r,
of the photobleaching laser and a uniform disk detection laser
profile (7). In this approach, the averaged fluorescence inten-
sities over a bleach ROI with a radius r,, are represented as

1
/ / C(x,y,t)dxdy,  (10)
x2+y2£r§

7riC;
where C(x, y, t) is given by Egs. 4 and 5. The Braga method
(Eq. 10) has a different integral domain than that assumed in
Eq. 1, since it assumes a uniform disk detection laser profile
rather than the Gaussian type profile assumed in Eq. 1.
However, if we replace the uniform disk detection laser
profile in Eq. 1 with

(1)

if x> + y*<r?

207
mraC; ,

0,

qlel,, (x, )] =
otherwise

then we see that the Braga method (Eq. 10) is a special case
of Eq. 1 with a Gaussian initial postbleach profile and
a uniform disk laser. By solving the integral in Eq. 1 for
™ = rez/(4D), Braga et al. (7) obtained a FRAP formula in
explicit form as
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Although this formula provides a useful way to incorporate
information about diffusion during the photobleach, it is in
a considerably different form from the FRAP equation of
Axelrod et al. (1) due to the differences in the underlying
assumptions about the detection laser profiles. Therefore,
we sought to generate a formula that would be more directly
comparable to that of Axelrod et al., thus more closely con-
necting confocal and conventional FRAP analyses.

We hypothesized that if the detection laser profile in
confocal FRAP can be approximated as a Gaussian, then
the model of Axelrod et al. could be generalized to incorpo-
rate the effective radius from the initial postbleach profile,
and thus generate a FRAP formula in the same form as the
original FRAP equation (1). To take into account the diffu-
sion of molecules during the bleach, we allow for a difference
in the nominal radius (r,) for the laser profile and the effec-
tive radius (r.) for initial postbleach profiles as suggested
previously by Braga et al. and others (6,7,9). Thus, our deri-
vation makes the same assumptions that Axelrod et al. (1)
did, except that the bleach and detection radii may differ.
Assuming r, < r., Eq. 1-5 can be simplified explicitly
by direct integration (Supporting Material B) in closed
form as

y 2m
1 + 2mt/7p

FiV
KV

F(t) = =y, K), (12)
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where F; is the prebleach fluorescence steady-state intensity,
K

v =1 /8Dt + ry?), and y(v,K) = S u” e "du, the incom-
0

plete y-function. In a more familiar form, » can be rewritten
as

v = (2t)70, + [ra/r) (13)
for a characteristic diffusion time 7p,,
™, = 12/(4De). (14)

K can be computed from the initial fluorescence intensity,
F(0), by solving

Fv r?
F(0) = G (0. K). w0 = 5 (15)

K computed by Eq. 5 could be used here. However, this
value provides slightly different F(0) from Fp,,(0) in many
cases.

A series representation is also possible (Supporting
Material C) as

e (—K)"r:
F(t) = F; ,,12::07'1!(”3 + m[8Dct + r2])
© (_K)m

- FimZ::om!(l + M[Zt/‘rpe + (rn/”e)z])’

(16)

where K can also be determined by Eq. 15.

Unlike the Braga equation (Eq. 11), our approach (Egs.
12-16) leads to expressions of the same forms as in Eq. 6 (1),
except that factors r,,/r. occur. Notice that 7p, is now a function
of an effective radius (Eq. 14), which is different than the
conventional FRAP formulae (1). Notice also that how fast
F(f) recovers is determined by 7p. Thus by this relationship,
one has D = D(r.). In this way, r. can actually be used as
a parameter, and the recovery formula states that the larger
the 7., the larger the D. So in particular D,, < D., where D,
and D, are diffusion coefficients obtained for the nominal
and effective radius, respectively (Supporting Material E).

We note that the Braga method (Eq. 11) is identical to our
new (to our knowledge) approach (Egs. 12—16) under certain
conditions. In particular, one can show that our generalization
of the Axelrod formula (Egs. 12-16) is a first-order approxi-
mation of the Braga equation. By expanding the exponential
in the Braga equation and neglecting all terms >1, one obtains
exactly the generalized FRAP formula (Eq. 16; see Support-
ing Material D for details).

Our proposed generalized FRAP formula is based on the
assumption that the laser bleach profile and detection profile
are both Gaussian. We therefore next test the validity of this
assumption in several ways. First, we analyze the initial post-
bleach profile for an immobilized fluorophore. Next, we
compare recovery curves calculated for a uniform and
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Gaussian profile. Finally, we show that under conditions
where diffusion during the photobleach is significant, the
assumed detection laser profile is less important than the
magnitude of the effective radius r, in determining D.

The confocal FRAP bleach profile is Gaussian
for a small bleach ROI

Previous studies have shown that depending on the size of
the bleach ROI, the detection laser profiles of a confocal laser
scanning microscope can be approximated either by a
Gaussian for small ROIs or by a uniform distribution
with Gaussian edges for larger ROIs. The transition between
two limiting cases has been reported to occur when the ROI
radius is ~3 um, depending on the bleaching depth (13,7,14).

The predicted initial postbleach profile for a Gaussian
bleach laser profile is an exponential of a Gaussian. To confirm
that our data fall in this regime, we performed FRAP on EGFP
immobilized in Bis:Acrylamide gel using a 2.3-um-diameter
bleach region for 10 bleaching scans (Fig. 2 A). As shown in
Fig. 2, A and B, no diffusion occurred during photobleaching
or the postbleaching periods, indicating that EGFP was
successfully immobilized in Bis:Acrylamide gel. We found
that under these experimental conditions, the initial postbleach
profile of EGFP in Bis:Acrylamide gel could be fit better by an
exponential of a Gaussian than a uniform distribution (Fig. 2 C).
Fig. 2 C also demonstrates that the area the confocal laser
scans is slightly larger than the bleaching ROIs (r = *ry;:
dotted lines in Fig. 2 C). For larger ROIs, however, the middle
of ROIs flattened out, similar to an upside-down trapezoid
with Gaussian edges (data not shown). Therefore, the initial
postbleach profile is better approximated by a step function
with Gaussian edges under these conditions (13,14).

FRAP data are not sensitive to the detection laser
profile for rapidly diffusing molecules

We next tested whether the predicted recovery curves ob-
tained from a Gaussian versus a uniform disk detection laser
profiles are significantly different from one another for
rapidly diffusing molecules using the formalism of Axelrod
et al. (Eq. 6). To perform this analysis, we calculated theoret-
ical recovery curves based on either a Gaussian laser or a
uniform disk detection laser assuming a nominal bleach
radius of 1 um and D = 50 um?/s. For comparison, we per-
formed a similar calculation assuming a much slower D,
0.1 ,u,mz/s, a value characteristic of membrane proteins (5).
While the recovery curves for a uniform and Gaussian spot
differed when D = 0.1 ,umz/s (Fig. 3 A), they were indistin-
guishable for D = 50 um?/s (Fig. 3 B). This suggests that the
detection laser profile is not very important in determining
the recovery curves for rapidly diffusing molecules.

We extended this analysis to compare the predictions of
the equations of Axelrod et al. (Eq. 6), Braga et al. (Eq. 11),
and our new formalism (Egs. 12—-16) for these same values of
D and r, (Fyp = 0.5). For the case of the slowly diffusing

Biophysical Journal 97(5) 1501-1511
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FIGURE 2 FRAP of immobilized EGFP (A) FRAP images of EGFP
immobilized in Bis:Acrylamide gel at t t = —1, 0, 1, 2, and 3 (seconds).
(B) FRAP curves of EGFP immobilized in Bis:Acrylamide gel. (C) Compar-
ison of experimental initial postbleach profile (°) with either the exponential
functions of a Gaussian laser (solid line) or a uniform disk laser profile
(dashed line). r = *r, is shown by the dotted lines. Bar = 1 um.

molecules (D = 0.1 um?/s), we set r. = r,,, whereas for the
rapidly diffusing molecules (D = 50 um?/s) r. was set as
5 um. We found that for D = 0.1 um?/s, the theoretical
recovery curves predicted by our model were identical to
those predicted by the Axelrod equation (Fig. 3 C), while
the model of Braga et al. yielded slightly slower recoveries
(Fig. 3 C). When D = 50 um?/s, the recovery curves pre-
dicted by the generalized FRAP formula and the Braga
formula were identical (Fig. 3 D). This further indicates
that it is legitimate to assume the detection laser profile as
a Gaussian for fast-diffusing molecules. In both cases, the
recovery curves appear considerably slower than the curve
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FIGURE 3 Comparison of theoretical FRAP curves from conventional and
confocal FRAP equations for Gaussian and uniform disk laser profiles. (A and
B) Theoretical FRAP curves calculated from the conventional FRAP formula
(Eq. 6) for either a Gaussian laser profile for both photobleaching and detec-
tion profiles (m) or uniform disk laser profile for both photobleaching and
detection profiles (°) assuming r, = 7. = 1 um. D = 0.1 pmz/s in panel A,
and D = 50 um?/s in panel B. (C and D) Theoretical FRAP curves calculated
from the conventional FRAP formula for a Gaussian laser photobleaching and
detection profile (Eq. 6, @), Braga’s formula (Eq. 11, o) and our generalized
formula (Eq. 16, x). Pre- (F;) and postbleach (F;) fluorescence intensities
were chosen as F; = 1 and Fy = 0.5, assuming full recovery (F. = F;). In
panel C, re =r, = 1 um and D = 0.1 ,umzls, and in panel D, r, = 5 um,
re =5 um, and D = 50 um?/s.

predicted by the Axelrod equation assuming r = r, in
Eq. 6. Indeed, if these curves (Fig. 3 D) are fit with Eq. 6,
an apparent D of 3.7 um?/s is obtained. This is in agreement
with the experimentally observed underestimation of D using
the Axelrod formula under conditions where r, < re.

Application of the new FRAP formula
to measurements of EGFP diffusion in cells

We next applied the new FRAP formula (Egs. 12—16) to our
confocal FRAP measurements of EGFP in cells (Fig. 4) to
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determine how well this new approach accounts for diffusion
during the photobleach and differences in experimental
setups. For comparison, we also analyzed the data using
the approach of Braga et al. (Eq. 11).

For this analysis, we first confirmed that the initial post-
bleach profiles for EGFP in both the cytosol and the nucleus
could be approximated as exponential functions of a Gauss-
ian (Eq. 5, Fig. 4 A). Since this was the case, we next
measured r, values from the initial postbleach profiles. The
r. values were a function of both the radius of the bleach
ROI and the number of bleaching scans (Supporting Material
F, and Fig. 4, A and D). We also noted that the 7, values and
the bleaching depths from photobleaching in the cytosol
were larger and shallower than in the nucleus, which implies
that diffusion of EGFP in the cytoplasm is faster than in the
nucleus (Fig. 4 A). The FRAP curves also suggest that the
recovery time in the cytoplasm is shorter than in the nucleus
(Fig. 4 B). Finally, we calculated D, values by fitting either
our new formalism (Egs. 12-16) or the equation of Braga
et al. (Eq. 11) to the FRAP data. Both approaches gave iden-
tical results. The resulting D-values showed little depen-
dence on either bleach spot size or the number of bleaching
scans (Fig. 4 C). We measured D for EGFP in the cytosol as
41.0 + 6.4 um?/s (Fig. 4 E), and D for EGFP in the nucleus
as 23.6 + 4.0 um?/s (Fig. 4 F) when we averaged the data

DRef Dn De DBraga

over the different combinations of bleach radii and bleach
iterations. These values are quite similar to those reported
in the literature for D of EGFP in the cytosol (21-48 ,umz/s)
and in the nucleoplasm (20-33 um?/s) (15-19,7,20-22).

Measurements of D for EGFP in solutions
of known viscosity using the new FRAP equation

As indicated above, our measurements of D for EGFP in the
cytoplasm and nucleus fall within the range of reported
values. However, since the reported values of D for EGFP
in cells vary over a considerable range across studies, it is
difficult to determine a priori which value is most appropriate
to choose as a standard. In addition, to evaluate the validity
of various FRAP equations, a comparison across a range of
D values would be more useful than a single measurement.
Therefore, as a final test of our new formalism, we measured
D for EGFP in a series of aqueous glycerol solutions of
known viscosity and compared this to theoretical values
predicted by the Stokes-Einstein equation (7,23),

ksT
D= 5~ 17)
6mnp

Here, kg is the Boltzmann constant, 7 is absolute tempera-
ture, n is viscosity, and p is a hydrodynamic radius of
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diffusing molecules. It has been shown that Eq. 17 yields
a good approximation for diffusion coefficients on a confocal
plane as well (7).

We chose three different aqueous glycerol solutions (40,
50, and 70% by mass) to generate solutions of known
viscosity (72, 4.21, and 14.1 mPas, respectively, at 30°C/
303.15 K (24)). Assuming a hydrodynamic radius p = 1.7 nm
for EGFP (25), the predicted diffusion coefficients of EGFP
in each of these aqueous glycerol solutions could then be ob-
tained as

DI, = 48.0um?/s
DY, = 31.0um?/s. (18)
DI, = 9.26um?/s.

Kang et al.

For each of the glycerol solutions, we performed experi-
ments in which we varied the size of the bleach spot (0.55-
or 1.1-um radius) as well as the number of bleach scans
(20 or 40) to evaluate how well the formula could account
for variations in the experimental setup (Fig. 5). Under the
conditions of these experiments, all the initial postbleach
profiles could be fit better by the Gaussian laser profile than
the uniform circle laser profile (Fig. 5 B). The faster diffusion
of EGFP in solutions of lower viscosity resulted in shallower
bleaching depths and larger r, values. For example, the effec-
tive radii 7, measured at r,, = 1.1 um for 40 bleaching scans
were found to be 11.8, 7.6, and 6.4 um, respectively, for the
40, 50, and 70% aqueous glycerol solutions (Supporting
Material F). In addition, the 7. values also depended on the
number of bleaching scans as well as the bleaching spot
size. When more bleach scans or a larger bleaching ROI
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FIGURE 5 Diffusion coefficients of EGFP in aqueous glycerol solutions. Each row shows data for either 40, 50, or 70% aqueous glycerol solutions as indi-
cated. (A) Normalized confocal FRAP data (°) and the best fit to Eqs. 1216 (solid line) for confocal FRAP data collected using 40 photobleaching scans of
a 20 pixels’ radius bleach ROL. Insets show prebleach (t = —1) and postbleach (¢ = 0) images, where bleaching ROIs are marked as dashed circles. Scale bars
are 1 um. (B) Normalized fluorescence intensity distribution for the confocal FRAP data for EGFP in aqueous glycerol solutions. The shaded dots (mean for
10 measurements) were fit by Eq. 8 (solid line). For comparison, r = =+ r, is also shown as a dashed line. (C) Comparison of diffusion coefficients obtained by
either Eq. 17 (Dineory)s EQ. 11 (Dgraga)s Eq. 16 (D.), or conventional FRAP formula (D,,, Eq. 6). Each bar shows the mean + SD for four different combinations
of FRAP setups (20 and 40 photobleaching iterations, 10 and 20 pixel bleaching ROI radii).
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size was used, a correspondingly larger value of r, was
obtained (Supporting Material F).

We next analyzed the data using the conventional FRAP
equation (Eq. 6). As observed for the case of the measurements
of D for EGFP in cells using the conventional FRAP equation
(Fig. 4), the resulting FRAP curves fell on top of the experi-
mental recovery curves for EGFP in solution (Fig. 5 A). As
expected, by ignoring diffusion during photobleaching, the
corresponding values of D,, were underestimated compared
to the values predicted by the Stokes-Einstein equation
(Fig. 5 C), and were also strongly dependent on the bleaching
ROI size (Supporting Material F). In general, the D-values
determined by applying the conventional FRAP analysis
increased as the bleaching ROI sizes increased, as was
reported previously (8).

Finally, we fit the FRAP data with the new FRAP formula
(Egs. 12—-16) and compared this with the approach of Braga
et al. (Eq. 11) using the measured r. values (Supporting
Material F). The best-fitting FRAP curves from the two
approaches overlapped one another, providing identical
diffusion coefficients with the same weighted residuals
(Fig. 5 A). The resulting D-values were measured as 38.7 =+
2.5 um?/s,25.9 + 4.1 um?/s, and 11.0 = 1.2 um?/s (n = 40,
Fig. 5 C), close to the values estimated by the Stokes-
Einstein equation (Eqs. 17 and 18). Furthermore, the
measured D-values were independent of either the bleaching
ROI size or the number of photobleaching scans (Supporting
Material F). Thus, both formalisms appear to describe FRAP
data equally well under the conditions of these experiments.

DISCUSSION

Using confocal FRAP, a number of studies have reported
D-values that are either much smaller than expected theo-
retically or that are dependent on experimental setup,
presumably due to diffusion during the photobleach. To
address this problem, we have derived FRAP formulae
either in closed form or in series as a generalization of
the Axelrod formula (1) by combining the nominal and
effective radius approach and the classical FRAP formalism
for circular bleach regimes. Importantly, we show that
this approach yields values of D for EGFP in cells and
solution that are independent of experimental setup and
that are close to values predicted by the Stokes-Einstein
equation. This validates the usefulness of this method in
quantifying diffusion coefficients from confocal FRAP
experiments.

Unlike in conventional FRAP, in confocal FRAP, it is
possible to visualize the fluorescence recovery process
outside of the bleach region by monitoring an area larger
than the bleach region itself (Fig. 1 A). We took advantage
of this to directly measure the initial postbleach profile.
For relatively small bleach regions, we find that the initial
postbleach profile is well described by an exponential of a
Gaussian (Fig. 5 B). We also show that the effective radius
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r. of the initial postbleach fluorescence intensity profile is
much larger than the nominal radius r,, of the region selected
for photobleaching, and that r. depends on the size of r,, as
well as the number of scans using for bleaching (Fig. 4 D).
Because of this, if the conventional Axelrod equation is
used to calculate diffusion coefficients, the resulting values
of D are lower than expected and are also dependent on
experimental setup.

In a previous study, an equation that corrects for diffusion
during the photobleach was generated under the assumption
that the bleaching laser has a Gaussian profile with effective
radius r, and a uniform disk detection profile (Eq. 11) (7).
Here, we extended this approach to derive a more general
equation with a form similar to that of the original Axelrod
formula by making the simplifying assumption that the
detection laser profile for the confocal FRAP can be approx-
imated by a Gaussian laser profile. This assumption is sup-
ported by experimental verification that the initial postbleach
profiles for EGFP in solution and in cells can be well
described as an exponential of a Gaussian (Figs. 4 and 5).
Furthermore, we show that in the limit of fast diffusion
(D > 10 um?/s), similar recovery curves are predicted theo-
retically for both a uniform disk laser detection profile and
a Gaussian laser detection profile (Fig. 3, A and B).

We additionally demonstrated analytically that the FRAP
formula presented here is a first-order approximation of that
of Braga et al. (7) under certain conditions. Accordingly,
FRAP analysis based on the current approach provided iden-
tical results with Braga et al. (7) for fast diffusing molecules
(D > 10 umz/s) (Fig. 3, C and D). However, while FRAP
analysis by Braga et al. (7) and conventional FRAP analyses
are limited to fast and slowly diffusing molecules, respec-
tively (Fig. 3, C and D), our approach is applicable for
both cases, interconnecting the two FRAP analyses seam-
lessly. Importantly, under this new theoretical framework,
various tools from conventional FRAP analysis can now
be easily applied to confocal FRAP. In addition, this
approach can be readily incorporated into a binding diffusion
model (26), as measurements of binding rate constants are
also known to be affected by diffusion during the photo-
bleach in confocal FRAP (6).

For small bleaching ROI, since even a scanning confocal
bleaching laser profile can be approximated by a Gaussian
function (7), the initial postbleach profile can often be
approximated by an exponential of a Gaussian regardless
of the mobility of fluorescent molecules. Indeed, under the
conditions of our experiments we observed initial postbleach
profiles that were well described as an exponential of a
Gaussian (Fig. 2 C). However, in principle this may not
always be the case (Supporting Material G). For example,
for a larger bleaching ROI for slowly diffusing molecules,
confocal FRAP is more likely to produce a bleach profile
that is closer to a step function with Gaussian edges. Under
these conditions, the choice of formalisms to fit the recovery
curves depends on whether r, = r,, or ro > ry. If re = 1y, the
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equation of Soumpasis can be used to obtain a diffusion
coefficient (10). To our knowledge, an equation that
describes the case of a uniform bleach laser and uniform
detection laser for r, > r,, has not been reported. Other types
of initial postbleach profiles might also occur, for example,
for molecules whose diffusion is slowed due to binding inter-
actions. In these cases, other approaches to extract diffusion
coefficients may be required (27).

There are several experimental parameters that limit the
applicability of our approach that depend on the time resolu-
tion of the measurement. This is determined by the time
required to scan the sample, the time required to switch
between bleaching and monitoring mode, and the strength
of the bleaching laser (which determined how many scans
are required to obtain a reasonable bleach depth). For
example, under the conditions of our experiments, for very
fast D-values, the initial postbleach profiles were not well
defined (Fig. 5, 40% glycerol). To improve our estimates
of r., we thus averaged data across experiments. Further-
more, depending on the exact experimental setup, we found
that r, often was relatively large, in some cases approaching
10 um (Fig. 5). For comparison, the typical diameters of
COS-7 cells range between 30 and100 um, with a nucleus
~10 um in diameter. Thus, r. sometimes approached the
size of either the nucleus or the cell itself (Supporting
Material F). If r. extends outside of the cell or outside of
the nucleus, what does this mean, and can it be accurately
measured? To address this question, we numerically simu-
lated recoveries for two cases: 1), r. is less than the cell
size; and 2), r. is greater than the cell size. If we write a partial
differential equation that describes the photobleaching
process and diffusion during photobleach, we obtain
ue = DAu — ki (x,y)u, where u and k are a fluorophore
concentration and a photobleaching rate, respectively, and
I, (x,) is as in Eq. 2. The numerical simulation results indi-
cate that for r, greater than the radius of a cell, the bleaching
depth is deeper than the bleaching depth in a large cell. As
a result, the fluorescence intensity at the cell boundary is
lower and K is larger than the case of large cell (Supporting
Material H). Nevertheless, the initial postbleach profile of
two cases are similar in the neighborhood of bleaching spots,
providing similar r, values in both cases (Supporting Mate-
rial H). This indicates that even for r, greater than the radius
of a cell or a nucleus, accuracy can be guaranteed by fitting
the initial postbleach profile around the bleaching ROL

The timescale of FRAP is determined by the diffusion
time (7p). In what to our knowledge is a new approach, mp
is a function of an effective radius (tp, = r2/(4D.)), while
in the conventional FRAP equation 7 is a function of the
nominal radius (rp, = r2/(4D,)). Notice that the ratio of
ro/r, from FRAP data decreases as r,, increases, regardless
of bleaching iteration scans (Fig. 5 D), which indicates that
ro values become closer to r; values as the bleaching spot
size (r,) increases. This may explain the observation that
diffusion coefficients measured by confocal FRAP increase
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as bleaching-spot sizes increase (8). If we let D,, and D, be
diffusion coefficients obtained for the nominal and effective
radius, respectively, then we have (see Supporting Material
E for details)

De/Dy=r¢[ry,

which explains the increase in D, measured by the conven-
tional FRAP equation as a function of bleaching spot size.

SUPPORTING MATERIAL

Sections A—H are available at http://www.biophysj.org/biophysj/supplemental/
S0006-3495(09)01122-9.

This work was supported by National Institutes of Health grants Nos. RO1
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