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Transport into/out of subcellular compartments such as the nucleus is central to many important biological processes. In 

recent decades, significant advances in the development of fluorescent proteins has led to the development of various 

techniques to examine the movement/diffusion of proteins in living cells, enabling quantitative kinetic data to be generated 

and facilitating insight into the underlying molecular mechanisms. Here, we discuss the use of fluorescence 

photobleaching techniques such as fluorescence recovery after photobleaching (FRAP) to examine intracellular protein 

transport, including movement into and out of the nucleus, cytoplasmic/nuclear retention of proteins and lateral movement 

within membranes.  
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1. Introduction 

Understanding the movement of proteins is crucial to unravelling many cellular biological processes. The movement of 

proteins may be either through active transport (i.e. “facilitated”) or occur through simple diffusion, and take place 

within single cellular compartments/organelles such as the cell cytoplasm, or between compartments/organelles, such as 

the movement of proteins from the cytoplasm to the nucleus or vice versa. Proteins can also move along cytoskeletal 

networks, such as microtubules, or within membranous structures including the cell membrane. Fundamentally, protein 

movement determines the interactive capabilities of proteins; ie. slow moving proteins require higher local 

concentrations to interact with target molecules/sites than fast moving proteins. Therefore, in order to construct a 

complete picture of the role of proteins in complex cellular processes such as receptor signalling or gene transcription, it 

is not sufficient to simply measure the binding affinities of the various protein-protein interactions involved; rather, it is 

also critically important to define in detail the kinetics of movement of each component.  

 Until the last 15 years or so, the accuracy of measuring protein dynamics has been a major limitation, with live cell 

fluorescence microscopic techniques, and photobleaching approaches, the only viable option. With recent advances in 

both hardware and software/image analysis and automation, there are now a number of advanced photobleaching 

techniques available, some of which will be discussed here. Obviously, the importance of the development of 

fluorescent labels to enable live cell imaging/photobleaching experiments in this context should not be overestimated, 

with the use of tags such as green fluorescent protein (GFP) and derivatives being a major contribution to the field. Due 

to the large size of these tags (GFP is ~27 kDa), there have been many attempts to develop alternative fluorescent 

labelling technologies with smaller fusion sequences. Unfortunately, not all of these alternative technologies have 

proved successful in terms of sensitivity and specificity, including the fluorescent bi-arsenical Lumio/FlAsH
TM
 dye 

approach, which relies on the high affinity of a small tetracysteine binding motif (CCXXCC, single letter amino acid 

code, where X is any amino acid); for specific fluorescent cell-permeable dyes (see [1]). However, these technologies 

have the potential, with further development to be superior to GFP and other fluorescent tags due their small size and 

increased versatility of recognition sequence placement. 

2. Fluorescence recovery after photobleaching 

Photobleaching occurs when a fluorophore is rendered irreversibly unable to fluoresce due to chemical damage induced 

by photons and covalent modification. This can occur through either repeated excitation/emission cycles or by exposure 

to a single intense laser emission.  One of the most common applications of photobleaching to measure protein 

dynamics is fluorescence recovery after photobleaching (FRAP). FRAP is commonly used to examine protein lateral 

movement within membranes but is also particularly useful for examining protein movement between 

compartments/organelles such as nucleocytoplasmic transport of proteins. In either case, the protein of interest is 

expressed in live cells as a fusion protein, coupled to a fluorophore such as GFP. During the FRAP approach, a small 

area of the fluorescent sample in the region of interest is permanently photobleached by intense laser illumination (Fig. 

1) and the cells monitored over a period of time. If the protein in question is immobile then the bleached area will 

remain dark as there is no protein movement to replenish the signal (Fig. 1a). If however the protein (or a fraction 

thereof) is mobile, then unbleached mobile fluorophores from outside the bleached region will move/diffuse into the 

area and bleached proteins may in turn move out of the dark area (Fig. 1b). The rate of this recovery is a function of the 
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mobility of the protein, enabling the kinetics of movement to be calculated. Standard confocal microscopes are usually 

suitable for the FRAP technique; ideally, they are equipped with an acousto-optical tunable filter, which allows for 

rapid switching of the laser power from low intensity for imaging the cells to high intensity for bleaching the desired 

area and back again. In addition the microscope needs to be able to limit the area of illumination to only the region of 

interest selected, which is achieved through most modern-day microscope software packages. 

  

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Schematic Representation of FRAP. A/B The protein of interest is expressed as a GFP-fusion protein in living cells. A 

small area of the region of interest, in this case the nucleus, is photobleached using intense laser illumination. The cell is continued to 

be monitored over time using confocal laser scanning microscopy (CLSM). If the protein is immobile (A) then the bleached area will 

remain dark. If a portion of the protein is mobile however (B), then the fluorescence will return over time as mobile fluorophores 

from the surrounding area will diffuse/move into the bleached area. C Using image analysis of the digitised CLSM images, the 

fluorescence intensity can be plotted over time. From this (left panel) the half-maximal time (t1/2), indicative of the rate of movement, 

and the % Fractional recovery (%Fr), indicative of the % mobile molecules, can be determined. Changes in experimental conditions 

(right panel) may result in alterations in either the t1/2 (red plot, showing an increase in the rate of movement) or the %Fr (blue plot, 

indicative of reduced mobility of the molecule of interest), or both. 

 

 Using image analysis it is possible to quantify the kinetics of protein movement from a FRAP experiment. By 

plotting the measured fluorescence intensity over time, the diffusion coefficient or the half-maximal accumulation time 

(t1/2) can be determined along with the mobile fraction (Mf) or the % Fractional recovery (%Fr, Fig 1c). Post-

translational modifications of the proteins, mutagenesis of the protein sequence and various experimental conditions 

including temperature, pH and the addition of inhibitors can alter the observed dynamics by altering either the mobile 

fraction or the diffusion coefficient or both parameters (Fig 1c, right panel). Slower recovery indicates low mobility due 

to parameters such as a more viscous environment or limited movement within membranes and importantly the 

formation of protein complexes can have dramatic effects on the mobility of a protein during FRAP assays. 

2.1 Use of FRAP to investigate nucleocytoplasmic transport 

2.1.1 Conventional nuclear transport 

Movement of proteins into and out of the nucleus is essential for many cellular processes including cell growth and 

differentiation and to combat infectious diseases [2-4]. All transport into and out of the nucleus occurs via nuclear 
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envelope-embedded nuclear pore complexes (NPCs). Small proteins < c. 45kDa enter the nucleus via passive diffusion, 

whereas larger proteins require a nuclear localisation signal (NLS) [2]. The NLS is recognised by members of the 

importin (Imp) superfamily of nuclear transport receptors. Recognition is either through an Imp α subunit within an Imp 

α/β1 heterodimer or through Imp β1 or a homolog thereof alone [2, 5]. In either case Imp β mediates docking to and 

translocation through the NPC [6-8]. Nuclear export is an analogous process where proteins containing a nuclear export 

signal (NES) are recognised by particular Imp βs known as exportins which mediate both docking and translocation 

through the NPC [9-13].  

2.1.2 Measurement of nuclear import of the simian virus SV40 large tumour-antigen 

One of the strongest and most well characterised NLSs is that of the simian virus 40 (SV40) large tumour antigen (T-

ag).  The T-ag NLS is a monopartite stretch of basic amino acids contained in the N–terminus of the protein 

(PKKKRKV
132
; single letter amino acid code) [14-17]. In addition to the basic NLS residues, flanking regions upstream 

of the NLS have been shown to regulate T-ag nuclear import [18]. In particular, phosphorylation of S
111/112

 by protein 

kinase CK2 and of S
120
 by double-stranded DNA dependent protein kinase enhances Imp α/β1 recognition by c. 100 

fold, resulting in an c. 50-fold increase in nuclear accumulation [14, 19]. Similarly, phosphorylation by cyclin 

dependent kinase 2 (cdk2) at T
124
 inhibits nuclear import of T-ag [20, 21]. The mechanism of inhibition was held to be 

through binding to a cytoplasmic retention factor [21], which was recently identified as the BRCA1 binding protein 2 

(BRAP2); BRAP2 binds phosphorylated T-ag through its C-terminus [20].  

Figure 2. FRAP analysis of GFP-T-ag (111-135). A Cos-7 cells were transfected to express GFP-T-ag (111-135). At 24h post 

transfection cells were first scanned (pre-bleach image), and then the nucleus bleached using intense laser power for 10 scans. 

Immediately afterwards, cells were monitored every 20s by CLSM for fluorescence recovery. B Digitised images of the cells (A) 

were analysed to determine the nuclear to cytoplasmic fluorescence ratio (Fn/c) according to the formula Fn/c = (Fn-Fb)/(Fc-Fb), 

where Fn is nuclear fluorescence, Fc is cytoplasmic fluorescence and Fb is background autofluorescence. The Fn/c was then 

expressed as a percentage of the pre-bleach Fn/c value to give the % fractional recovery (%Fr) as shown. C Fn/c is plotted against 

time for the initial linear portion of the curve in order to enable the initial rate of nuclear import to be determined. 

 

 Due to the complex regulation of nuclear import of T-ag, FRAP analysis can be employed to dissect the kinetics of 

T-ag nuclear accumulation more thoroughly. For example, COS-7 cells were transfected with plasmid DNA encoding 

GFP-T-ag (111-135) containing the NLS region and its upstream regulatory residues (Fig. 2).  24h post transfection, 

cell were imaged 3 times via confocal laser scanning microscopy (CLSM) to derive the pre-bleach image (Fig. 2A). 

Following this the cell nuclei was subjected to 10 scans of intense laser power to photobleach GFP-Tag (111-135) 
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contained in the nuclear compartment. Cells were subsequently monitored using CLSM every 20s for 8 min. It can 

clearly be seen that immediately after the initial bleach (0s), the nuclear fluorescence is severely decreased as expected, 

with the intensity of fluorescence in the nucleus much closer to that of the cytoplasm. Over the experimental time 

period, the nuclear fluorescence recovers, indicating that the GFP-Tag (111-135) protein is mobile and able to enter the 

nucleus.  

 Using image analysis of digitised images, the nuclear to cytoplasmic fluorescence ratio (Fn/c) was determined 

according to the formula Fn/c = (Fn-Fb)/(Fc-Fb), where Fn is nuclear fluorescence, Fc is cytoplasmic fluorescence and 

Fb is background autofluorescence. By expressing this as a percentage of the average pre-bleach Fn/c, a % fractional 

recovery (%Fr) for each time point can be determined (Fig. 2B). The results demonstrate that the nuclear fluorescence 

of GFP-T-ag (111-135) is able to recover completely during the 8 min experiment (%Fr of ~100) indicating that 

essentially all of the protein is mobile between the cytoplasm and the nucleus. Plotting the change in Fn/c over time for 

the initial linear portion of the curve (Fig. 2C) enables the initial rate of nuclear import to be determined. This kinetic 

parameter reflects the rate of protein movement before saturation of the system, complementing the ½ maximal time 

(t1/2) parameter as an indicator of the rate of protein movement in complex, living cell systems. 

2.1.3 BRAP2 acts as a cytoplasmic retention factor for T-ag 

It is possible to use FRAP to examine the interaction of T-ag with BRAP2, recently identified as a cytoplasmic retention 

factor, and the effect on the kinetics of GFP-T-ag (111-135) nuclear accumulation. This can be achieved by performing 

FRAP experiments similar to those in Fig. 2 on cells transfected to express both GFP-T-ag (111-135) and a DsRed2-

tagged BRAP2 (residues 343-592). The DsRed2 expression is used to identify cells in which both proteins are 

expressed, but FRAP is only carried out for GFP-T-ag (111-135). In this instance it is immediately apparent that 

recovery of nuclear fluorescence of GFP-T-ag (111-135) is markedly reduced in cells co-expressing DsRed2-BRAP2 

(343-592) (Fig. 3A). Image analysis of the images confirms a 20% reduction in the %Fr (Fig. 3B), indicating that in the 

presence of the C-terminus of BRAP2, only 80% of the GFP-Tag protein is mobile between the cytoplasm and the 

nucleus. This implies that at any given time c. 20% of the GFP-T-ag molecules are rendered immobile by BRAP2 and 

retained in the cytoplasm, confirming the role of BRAP2 as a cytoplasmic retention factor for T-ag. Interestingly, the 

initial rate of nuclear import is not significantly affected by co-expression of DsRed2-BRAP2 (343-592) (Fig. 3C), 

implying that although a portion of the T-ag molecules are rendered immobile by BRAP2, the remainder retain their 

original kinetic status, demonstrating that BRAP2 acts as a cytoplasmic retention factor holding T-ag out of the nucleus, 

rather than simply slowing its rate of nuclear import. 

 The above example effectively demonstrates how the FRAP approach can be utilised to dissect the intricacies of 

protein movement/protein-protein interactions, including where a kinetic parameter is altered for one protein and not 

another. FRAP has been utilised effectively to examine the nuclear import/export kinetics of numerous proteins 

including cancer regulatory proteins such as the parathyroid hormone related protein (PTHrP) signalling molecule or 

pRB (retinoblastoma protein) tumour suppressor, members of the Imp family of proteins such as Imp13, and 

transcription factors such as STATs (signal transducers and activators of transcription) [22-28] and the vitamin D 

receptor [29]. This highlights the important role high-end CLSM imaging techniques such as FRAP will play in the 

piecing together of complex protein interaction and signalling networks. In particular, FRAP can be combined with 

mutagenesis and truncation analysis of the protein in question and their interacting partners to demonstrate the kinetic 

effects of particular signals, phosphorylation sites etc. on protein mobility. For example, FRAP has been used to 

examine STAT1 mutant derivatives with enhanced DNA-binding ability that show 10-fold reduced intranuclear 

mobility in HeLa cells after stimulation with interferon-γ [30]. 
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Figure 3. FRAP analysis of GFP-T-ag (111-135) cells co-expressing DsRed2-BRAP2 (343-592). A Cos-7 cells were transfected to 

express GFP-T-ag (111-135) +/- DsRed2-BRAP2 (343-592) and FRAP analysis performed as described in the legend to Figure 2. B 

Digitised images of the cells in A were analysed as in Figure 2B to determine the %Fr over time. C The Fn/c is plotted against time 

for the initial linear portion of the curve in order to enable the initial rate of nuclear import to be determined. 

2.2 Use of FRAP to examine nuclear export 

In a similar fashion to examining nuclear import, FRAP can be utilised to examine nuclear protein export. In this 

instance the bleached region of interest is an area of the cytoplasm and recovery of the protein is monitored in the same 

fashion [24, 25]. In this case it is necessary to take into account the fact that recovery of the fluorescence may not be 

solely from nuclear export of unbleached molecules, but may also be due to lateral diffusion within the cytoplasm from 

unbleached areas into the bleached region of interest. As such, the %Fr of the cytoplasmic region is monitored as 

expected, but the decrease in nuclear fluorescence is also determined in order to demonstrate nuclear export of the 

fluorophore. Due to these complications it is usually advisable to combine cytoplasmic FRAP experiments with 

alternative assays such as fluorescence loss in photobleaching (FLIP).  

3. Fluorescence loss in photobleaching (FLIP) 

FLIP is a complimentary approach to FRAP, most often employed to study the continuity of cell compartments (eg. of 

the endoplasmic reticulum and the Golgi apparatus) or when the intra-compartment mobility of a protein within a whole 

compartment is examined (eg. protein movement within the cytoplasm). FLIP experiments are similar to FRAP 

experiments in that a region of the cell is subjected to photobleaching from intense laser light, but in the FLIP approach, 

the bleaching is repeated in between imaging scans. Over time this will result in the loss of the fluorescent signal in any 

compartment that is continuous with the bleached region or in any compartment in which the protein is freely mobile 

and able to enter the bleached region. During the approach, fluorescence loss is usually monitored in the whole cell. If 

labelled molecules in certain subcellular compartments are not bleached, the clear implication is that these 

compartments do not exchange with the compartment being bleached. This property makes FLIP ideal to study the 

movement of proteins between distinct compartments including between the nucleus and cytoplasm. 

3.1 Use of FLIP to examine nucleocytoplasmic shuttling 

FLIP is easily employed to examine the movement of proteins between the nucleus and cytoplasm. For example, if 

FLIP is used to continually bleach a small area of the cytoplasm, then the movement of molecules from distant regions 

of the cytoplasm into the bleached area will eventually result in bleaching of the entire cytoplasm. This loss will be 
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relative to the mobility of the protein within the cytoplasm and will be delayed by the movement of molecules from 

distant sites relative to the bleached area. In addition, if the protein in question also shuttles between the nucleus and the 

cytoplasm, such as in the case of Imp13, which moves between the two compartments to perform its roles in nuclear 

import of other proteins in HeLa cells, the nuclear pool of fluorescent protein will also progressively be bleached, 

although usually at a different rate to the cytoplasm [27]. If the protein has a low rate of nucleocytoplasmic shuttling 

and therefore does not undergo rapid nuclear export during the experimental time frame, then fluorescence in the 

nuclear compartment will remain largely unaffected, such as in the case of GFP-STAT1 nucleocytoplasmic shuttling in 

unstimulated NIH3T3 cells [23, 31]. There may also be a small amount of indirect fluorescence loss due to unspecific 

bleaching in the unbleached compartment from repetitive scanning, however this is easily controlled for by inclusion of 

an unbleached cell in the imaging area. 

 In a similar vein, FLIP can be applied to examine the nuclear import/export of proteins which are localised 

predominantly in the cytoplasm due to strong nuclear export or rapid nucleocytoplasmic shuttling rates. In this case, 

FLIP would be applied to an area of the nucleus, where by monitoring the loss of fluorescence in the cytoplasm, the 

exchange of molecules between the two compartments can be monitored. In this case, the data must be corrected for 

background bleaching of the cytoplasm above and below the nucleus during the procedure, although in practice this is 

usually minimal, unless the cell type has a particular morphology. To determine the background level of unwanted 

cytoplasmic bleaching during nuclear FLIP, nuclear FLIP can be performed on an immobile cytoplasmic protein such as 

STAT1 in NIH3T3 cells in the absence of activation in response to interferon [23].   

4. Use of FRAP/FLIP to monitor protein movement within membranes 

Due to the continuous nature of membrane systems, the photobleaching techniques described here are particularly well 

suited for examining protein lateral movement within membranes as well as between continuous membranous 

structures. FLIP can be employed to examine membrane continuity where continuous photobleaching of an area of 

membrane will eventually lead to a loss of fluorescence in all membranes continuous with the region, but not affect 

areas not continuous with it. FLIP has been used to confirm the continuity of cellular structures such as the Golgi, the 

endoplasmic reticulum, the nucleolus, and nuclear splicing factor-containing compartments [23, 32-34]. In the case of 

the Golgi itself, the fluorescence of proteins localised within it that are subjected to FRAP recovers rapidly if the Golgi 

is intact and the proteins are freely mobile within the Golgi membrane, but if the membrane is disrupted (eg. upon 

depletion of anchoring/tethering proteins such as ZW10, which results in a cluster of distinct Golgi compartments rather 

than a single continuous structure), the fluorescent recovery is minimal [35]. Finally, FRAP and FLIP may also be 

useful for examining protein lateral movement/diffusion within membranes of varying compositions [36, 37]. 

5. Conclusions 

It is clear that fluorescent microscopy approaches to examine the kinetics of protein mobility have proved most useful 

in analysing protein interaction networks and signalling pathways in intact, living cells under conditions as 

physiological as possible. The basic appeal of such approaches is their versatility, having application not only in 

membrane trafficking and nucleocytoplasmic shuttling, but a diverse variety of proteins can and have been studied 

using these approaches, including nuclear architecture-related proteins and cell-cycle regulators, as well as transcription 

factors, viral proteins and membrane-associated proteins. As the approach is at the single cell level, one is able to draw 

conclusions based on local variations in experimental conditions including temperature fluctuations, pH variations or 

cell cycle progression or through the co-expression of interacting proteins. However, by performing the experiment on 

large numbers of individual cells, effects on an entire population of cells can also be examined. 

 One limitation can be the need to employ proteins fused to fluorescent tags such as GFP, which has been shown in 

some circumstances to affect protein function and subcellular targeting, including masking of targeting signals (eg. GFP 

can mask NLS recognition by Imps) [23, 38, 39]. The recent progress in developing novel and smaller/monomeric 

fluorescent tags may help alleviate this concern, but clearly, appropriate controls are required to demonstrate protein 

function and hence physiological relevance of FRAP/FLIP analysis. 

 Finally it is worth noting that, if used appropriately, techniques such as FRAP/FLIP do not significantly interfere 

with the permanent viability of the cells in the experiment, suggesting that the procedures may applicable to whole 

animal/tissue applications eg. using multi-photon excitation CLSM systems [40]. Exciting new developments in the 

area of microscopic resolution and live cell imaging seem likely to make FRAP/FLIP approaches even more attractive 

and invaluable to cell biologists in the future 
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