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Abstract 

The scope of photobleaching applications and the 
method itself are briefly reviewed. Two current 
applications in this laboratory are then outlined. First, 
the use of spatial Fourier transforms to analyze video 
photobleaching measurements is presented. This method 
extracts diffusion coefficients using all the image data 
and it does not require that the initial condition created 
by photobleaching be known. Second, the use of genetic 
engineering methods coupled with photobleaching 
analysis is discussed as means to uncover the structural 
determinants of membrane protein lateral mobility. 
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Introduction 

The fluorescence recovery after photobleaching 
(FRAP) technique was developed by biophysicists to 
measure the rate of translational motion of membrane 
components in the plane of model or biomembranes. 
This technique has also been named the fluorescence 
photobleaching recovery (FPR) method, or the fl uores 
cence microphotolysis (FM) method. Scientists investi 
gating the visual receptor membrane invented the photo 
bleaching technique (Poo and Cone, 1974; Liebman and 
Entine , 1974) to measure the lateral diffusion of rho
dopsin, using its optical absorption bands . Peters et al., 
(1974) performed similar measurements on the diffusion 
of fluorescein-labeled red cell membrane macromole
cules, employing the fluorescence of the exogenous dye 
to detect the concentration of labeled components . This 
was the first fluorescence recovery after photobleaching 
(FRAP) measurement. Several groups subsequently 
engineered more sophisticated versions of the FRAP 
microscope (Jacobson et al. , 1976 ; 1977 ; Koppel et al. , 
1976) . 

The uses of photobleaching technology are now 
widespread in cell and membrane biology . Apart from 
extensive measurements on artificial and plasma mem
branes (Peters, 1981 ; Jacobson et al. , 1987), measure
ments have been made on intracellular organelle mem
branes such as the inner mitochondrial membrane 
(Hackenbrock et al, 1986), the Golgi (Cooper et al, 
1990) and the nuclear membrane (Puddington et al, 
1983). In addition , measurements on proteins and other 
molecules moving through the cytoplasm of living cells 
have assisted in our understanding of the cytoplasmic 
matrix (Jacobson and Wojcieszyn, 1984; Hou et al., 
1990). 

Photobleaching "marks" on fluorescent labelled 
membrane and cytoskeletal structures and following the 
movement of the marks has been invaluable in the study 
of various cell motility phenomena. In these cases cir 
cular marks, lines, or grids are bleached onto the speci
men and transport of the mark is followed by low light 
level video technology before the mark is erased due to 
diffusion. In this way the dynamics of actin in micro
filament bundles (Wang, 1985) and tubulin in micro-
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tubules (Salmon et al., 1984) as well as the movement of 
the plasma membrane in locomoting cells has been 
investigated (Lee et al., 1990). 

Photobleaching methods can be conveniently em
ployed to measure molecular and macromolecular diffu
sion in solutions (Barisas and Leuther, 1979) and are 
also useful in studying dynamics in polymer films 
(Smith, 1982) and solutions (Wang et al., 1985). 

Methods 

The simplest version of the technique can be 
termed spot photobleaching. Briefly, this version of the 
method is based on photobleaching a small circular re 
gion on the surface of single cells bearing fluorescent 
molecules to destroy the emission from that region. 
Subsequently, the recovery of fluorescence due to the 
diffusion or flow of unbleached fluorophores from the 
surrounding area into the irradiated area is measured. 
When only isotropic lateral diffusion occurs, the recov
ery kinetics, characterized by the time, tu 2, to obtain 
50 % of full recover~, are related to D, the diffusion co
efficient by D = w5 -y/4t112, where w5 is the l/e 2 radius 
of the Gaussian profile laser beam used for both photo
bleaching and measuring fluorescence, and 'Y is a param
eter that depends on the extent of photobleaching. The 
mobile fraction of the measured population of probe 
molecules is obtained from the degree to which the final 
fluorescence level approaches the pre-bleach fluores
cence value. In this simple version, an ion laser is used 
to excite the fluorescence observed in a fluorescence 
microscope equipped for incident light excitation . The 
laser beam is focused to a waist on the secondary image 
plane of the objective by a weak biconvex lens and the 
objective further focuses the light to a small spot on the 
specimen (Jacobson et al , 1977) . The l/e 2 spot diameter 
(2 w 

5
) is a function of the objective power and can be 

adjusted, typically , from ~ 1 µm to as large as 50 µm . 
A number of investigators have developed varia

tions on the spot photobleaching techniques. Koppel 
(1979) introduced a multipoint analysis of the basic 
FRAP experiment by monitoring recovery at several 
points within the bleached and surrounding area. This 
approach allows diffusion and flow to be readily 
recognized . 

Pattern photobleaching employs the bleaching of 
periodic patterns on the specimen (Smith and 
McConnell, 1978). The lateral transport of the observed 
fluorophores causes the gradual decay of these bleached 
patterns over time. The evaluation of this decay may be 
done in a very direct fashion by photographing the de
caying pattern (via an image intensifier) and calculating 
the time constant for the decrease in the amplitude of the 
bleached pattern. If the bleached pattern consists of par
allel stripes of constant width, scanning across this pat
tern immediately after bleaching will give a 'square 
wave' of defined period . The 'square wave' may be de 
composed into a sum of sinusoidal functions (Fourier de
composition), of different spatial frequencies. A short 
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time after bleaching (given by one tenth the product of 
the diffusion coefficient and the period of the bleached 
pattern), it is sufficient to follow only the decay of the 
first harmonic in the Fourier series. This amplitude de
cays as a simple exponential function, characterized by 
a time constant which contains the diffusion coefficient. 
Bleaching a two-dimensional pattern (a 'checkerboard' 
pattern) followed by a two- dimensional Fourier trans
form analysis of the decaying bleached patterns allows 
detection of anisotropic lateral motion, i.e. different 
diffusion coefficients along different directions in the 
plane (Smith et al., 1979). Patterns have usually been 
produced by inserting a Ronchi ruling in the path of the 
laser at the rear focal plane of the microscope , but they 
have also been generated by the interference of two co 
herent laser beams for fringe pattern photobleaching 
(Davoust et al. , 1982) . Also, Lanni and Ware (1982) 
demonstrated that scanning the Ronchi ruling across the 
path of the monitoring beam during the recovery phase 
could be used to improve the signal to noise ratio (S/N) 
of the measurement. 

Imaging methods combined with photobleaching 
can yield detailed information on more complicated lat 
eral transport processes. In spot photobleaching , fluo
rescence detection is normally done by a photomultipli
er, so that unless the laser beam or stage is scanned, no 
spatial information on the recovery process can be ob
tained. In the "video-FRAP" technique , the photomulti 
plier is replaced by a very sensitive video camera , whi ch 
is calibrated to operate as a time -resolved (30 -ms-resolu 
tion) spatial photometer. Thus , spatial information on 
the fluorescence redistribution process is obtained. 

Below , we outline two recent photobleaching ap 
plications from our laboratory , one illustrating a tech 
nical advance in the analysis of video-FRAP data and the 
other illustrating an important application of spot photo 
bleaching to membrane biology . 

Analysis of Video-FRAP Data Using Spatial Fourier 
Transforms 

As pointed out above, in video -FRAP, a series of 
images is acquired of the spatial character of recovery 
using a low - light -level video camera which allows di 
rect detection of anisotropic diffusion and flow (Kapitza 
et al , 1985). To utilize all of the available data to 
determine the transport coefficients, the two-dimensional 
Fourier transform is taken of the images after photo 
bleaching (Jacobson et al. , 1987). The change in the 
transform between two time points reflects the action of 
diffusion during the interim; in particular , the evolution 
of each spatial frequency is predicted by the diffusion 
equation. When the transforms at the two time points 
are divided, all information concerning the initial dis
tribution of bleached fluorophores is removed, and the 
remaining information gives the diffusion coefficients 
directly. It has as been demonstrated (Tsay et al., 1990 
and Tsay and Jacobson, submitted) that in computer sim
ulated diffusional recovery after photobleaching that the 
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Table 1.A : Effect of Image Signal to Noise Ratio on 
Precision of Extracted Diffusion Coefficients by Fourier Transform Analysis a. 

Input Diffusion Coefficient (2.3 x 10-9 cm21sec) 

SIN 00 30 15 7.5 

D (x 109 cm21sec) 2.29 ± 0 2.28 ± 0.26 2.28 ± 0.52 2 .36 ± 1.26 

a A computer simulation of a fluorescence recovery after photobleaching measurement. SIN varied by increasing 
Gaussian noise superimposed on a uniform signal level of 150 grey levels. 

Table 1.B : Experimental Results Comparing Fourier Transform Analysis of Video FRAP Data to 
Conventional Spot Photobleaching . 

Diffusion Coefficient a (x 109 cm2lsec) 

Temperature (°C) 0 10 24 

video FRAP 1.06±0 . 19 1.90 ± 0.73 2 .52 ± 0.36 

spot FRAP 1.24 ± 0 . 14 1.86 ± 0.40 2.25 ± 0 .32 

a Measurements performed on a 0 .96 µM solution of Rhodamine -succinyl Con A (Vector Labs , Burlingame , CA) in 
99.5 % glycerol at the indicated temperatures . 

Fourier analysis of the simulated images will return the 
same diffusion coefficient as employed to produce the 
simulated recovery (Table I.A). Furthermore , our work 
has shown that diffusion coefficients extracted from the 
Fourier analysis of video FRAP data agree with those 
obtained from conventional spot FRAP . This is shown 
for Con A-glycerol solutions (Table l.B) . One draw
back of this analysis is its requirement for a large SIN in 
the image in order to obtain reasonable precision as 
shown in Table 1.A . (Note in Table 1 we have azi 
muthally averaged the results from similar spatial 
frequencies in transform space) . Thus , this type of 
analysis may eventually find more use in studies of 
polymer films where fluorescent probe density can be 
made greater (up to the point of self quenching) in order 
to obtain brighter fluorescence images. 

Application of FRAP to the Lateral Diffusion of 
Plasma Membrane Proteins 

One of the major applications of FRAP technique 
is the measurement of the lateral mobility of protein and 
lipid components of the plasma membrane (Peters, 
1981). Membrane protein lateral mobility is related to 
the protein's biological function (Axelrod, 1983; 
Chazotte and Hackenbrock, 1988), and also reveals the 
interactions of diffusants with both intra- and extra
membrane components. The combination of molecular 
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biology techniques to create mutant membrane proteins 
and FRAP analysis is being applied to understand these 
interactions. 

It has been known for some time that many mem
brane proteins exhibit much lower lateral mobility in 
plasma membrane than in artificial membranes (Vaz et 
al. , 1984 ; Jacobson et al. , 1987). Thus far , several con 
clusions have been reached in regard to which domain of 
the membrane protein (ecto - , intramembrane, or cyto
plasmic) is responsible for this reduced mobility . The 
ectodomain of certain single spanning membrane pro 
teins [e.g., the vesicular stomatitis virus G glycoprotein 
(VSV G) , Table 2] appears to play a dominant role in 
determining their lateral mobility presumably via inter 
actions of the ectodomain with structures on the cell sur
face. These interactions lead to low lateral diffusion co
efficients (1 x 10-10 cm2lsec ~ D ~ 5 x 10-10 cm2lsec) . 
Alterations in the ectodomain of such proteins can affect 
their diffusion . For example, mutants of Type I major 
histocompatibility antigens with reduced or completely 
deleted glycosylation sites exhibited increased lateral 
mobility (Wier and Edidin, 1988) indicating that glyco 
sylation in the ectodomain contributes to reducing lateral 
mobility in some cases. One further indication of the 
importance of the ectodomain is the fact that a chimeric 
mutant designated G-Thy, having the ectodomain from 
a slowly diffusing protein (i.e. , VSV G) linked to the 
glycosylphosphatidylinositol (GPI) anchor from the fast 



K. Jacobson , F . Zhang and T . Tsay 

diffusing Thy-1 lipid -linked exhibits D values similar to 
VSV-G glycoprotein (see Table 2). Thus , the type of 
membrane anchor , be it a membrane spanning peptide 
with attached cytoplasmic domain or a glycolipid "tail" , 
appears not to be a major determinant of the lateral mo
bility of this class of protein s. This is consistent with 
earlier findings that truncation of the cytoplasmic do
mains of VSV G (Scullion et al., 1987) , the epidermal 
growth factor receptor (Livneh et al. , 1986) and the 
major histocompatibility Type I antigens (Edidin and 
Zuniga , 1984) had little effect on their lateral mobility 
which also suggests that interactions of cell surface 
structures with other domains in the protein are crucial 
to restri cting lateral diffusion. 

Certainly , the cytoplasmic domain plays an im
portant role in determining lateral mobility of some pro
teins . For example , the interaction of cytoplasmic 
domain of the major erythrocyte membrane protein , 
Band 3, with the cytoskeleton significantly reduces its 
lateral mobility (Golan and Veatch , 1980 ; Sheetz et al. , 
1980). The disruption of this interaction increases the 
Band 3 lateral diffusion coefficient more than 40 fold . 

On the other hand , proteins which are normally 
GPI linked , such as placental alkaline phosphatase 
(PLAP), continue to exhibit D values more like their 
GPI linked "parent", even when their normal GPI anchor 
is substituted with the membrane spanning and cytoplas 
mic domain from VSV G (PLAP-G, see Table 2) . In 
this case , the lateral diffusion coefficient appears to be 
determined by the movement of the membrane anchor 
through the plasma membrane bilayer. Thus, factors 
which affect "membrane fluidity" (lipid composition and 
phase structure , membrane protein concentration , etc.) 
will modulate the lateral mobility of this type of 
membrane protein. 

Although the picture is not yet complete , we 
belie ve that data such as this will begin to give us a 
more detailed understanding of the dynamic structure of 
the plasma membrane and the rules which govern lateral 
mobility of its constituents. 
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Discussion with Reviewers 

K. Luby Phelps : At what SIN was the comparison in 
Table 1.B performed? 
Reviewer III : The quantity SIN is not clearly defined in 
the paper . There is no mention about the origin of the 
noises. Why is SIN superimposed on a uniform signal 
of 150 grey level, when the signal level varies during the 
recovery? 
Authors: The issue of signal to noise is more compli
cated and these issues are discussed in a submission to 
the Biophysical Journal. 

K. Luby Phelps: Are there functional reasons why 
different transmembrane proteins employ different 
modes of controlling their lateral mobility? 
Authors : Probably there are but they are not well 
understood at this juncture. 

Reviewer III: The authors correctly pointed out that the 
major advantage of video-FRAP is the capability to 
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detect anisotropic diffusions and flows . Nevertheless, 
their analysis presented was performed on isotropic sys -
tems . In isotropic systems the mathematical approach 
employed in video-FRAP analysis is identical to that 
used by Axelrod et al. for a spot-FRAP (Biophys . J), 
except in the latter case the diffusion coefficient is 
determined from the time dependence of the integrated 
intensity. Thus the good agreement of D values obtained 
by two FRAP methods is expected. Perhaps, the authors 
can provide a quantitative comparison (for instance, 
from the SIN points-of-view) of the accuracies between 
two frap methods under the same excitation and 
bleaching conditions . 
Authors: Of course , the point was to provide a check 
on the new analysis by comparing it to the results ob
tained by a known analysis in the spatial domain. As 
mentioned above, the SIN issues are more complex and 
treated in a submission to the Biophysical Journal. 
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