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Abstract. In less than a decade the green fluorescent pro-
tein (GFP) has become one of the most popular tools for
cell biologists for the study of dynamic processes in vivo.
GFP has revolutionised the scientific approach for the
study of vital organelles, such as the Golgi apparatus. As
Golgi proteins can be tagged with GFP, in most cases
without altering their targeting and function, it is a great
substitute to conventional dyes used in the past to high-
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light this compartment. In this review, we cover the ap-
plication of GFP and its spectral derivatives in the study
of Golgi dynamics in mammalian and plant cells. In par-
ticular, we focus on the technique of selective photo-
bleaching known as fluorescence recovery after photo-
bleaching, which has successfully shed light on essential
differences in the biology of the Golgi apparatus in mam-
malian and plant cells.
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Introduction to Golgi organisation – comparison
between animal and plant cells

Mammalian cells
In both mammalian and plant cells, the Golgi apparatus
has a central role in the modification and sorting of pro-
teins, lipids and carbohydrates arriving from the endo-
plasmic reticulum (ER), and their subsequent transport to
other cellular compartments. Despite an equally vital role
of the Golgi in both animal and plant kingdoms, the or-
ganisation of this organelle is very different in the two bi-
ological systems.
The mammalian Golgi occupies a central position in the
cell, over the microtubule organising centre (MTOC) in
the perinuclear region (fig. 1A). Protein transport from
the ER to the Golgi occurs via ER exit sites, also known
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Figure 1. Comparative structure of Golgi apparatus in mammalian
and plant cells. (A) The mammalian Golgi apparatus labelled with
GalT-YFP (red) with the ER labelled with SRb-CFP (green). Con-
structs were expressed in COS cells and imaged at 37°C using con-
focal fluorescence microscopy. Note the compact perinuclear local-
isation of the Golgi while the ER reticulum is found throughout the
cell. (B) Tobacco leaf epidermal cells transformed with ST-YFP
(red) and ss-GFP (green), a form of GFP directed into the secretory
pathway with a signal sequence but retained in the ER by an HDEL
peptide. Note the ER network closely associated with multiple
Golgi bodies found throughout the cell. The image is the result of 
a 3D reconstruction and rendering by Velocity software. Scale bar,
5 mm.
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as transitional ER (tER) [1]. These are relatively immo-
bile domains of 1–2 mm in diameter closely apposed to
tubular clusters, also termed pre-Golgi intermediates,
vesicular-tubular clusters (VTCs), or ERGIC (ER-Golgi
intermediate compartment) [2–5].
Initial transport of cargo out of the ER is mediated by the
activity of the small GTPase Sar1 and the cytosolic coat
complex known as COPII [6–9]. COPII components in-
teract sequentially: an integral ER membrane protein,
Sec12 [10], acts as a specific guanine nucleotide ex-
change factor (GEF) for the activation of Sar1, a small
GTP-binding protein [11–13]; Sar1 is recruited to the ER
membrane by Sec12 [10, 14]; the exchange of GDP for
GTP on Sar1 determines its activation; the Sec23-Sec24
heterodimer then binds to membrane-anchored Sar1-
GTP [11, 15]; coat and vesicle formation is initiated by
the binding of a Sec13-Sec31 complex [15, 16], which
acts as scaffolding for the newly forming vesicle; GTP
hydrolysis on Sar1 dissociates the GTPase from the ER
[11], rendering the COPII components labile and easily
displaced from a completed vesicle [17].
A second coat complex known as COPI [18–21] whose
assembly is regulated by the GTPase Arf1 [22, 23] is re-
quired for maturation of pre-Golgi intermediates
[24–26]. Arf1 is activated by a GEF sensitive to the fun-
gal metabolite brefeldin A (BFA) [27, 28], a tool often
used to block COPI assembly and thus to disrupt traf-
ficking pathways in the early secretory pathway. COPI is
also involved in regulating intra-Golgi trafficking, al-
though the nature of this role is unclear [29–35].
The connection between tER and VTCs is not clearly un-
derstood. COPII-coated vesicles containing protein cargo
may bud on the surface of tER and then fuse with VTCs
[3, 8]. Alternatively, tER may mature directly by tubule
fusion and fission into VTCs that translocate to the Golgi,
and ER-to-Golgi protein transport may then take place
without vesicle carriers [32, 36, 37].
Pre-Golgi intermediates are transient discrete entities that
move through the action of dynein-driven motors on the
microtubule cytoskeleton [38, 39], to fuse with the cis-
face of the Golgi apparatus and deliver protein cargo
through Rab1-dependent tethering and fusion factors [40,
41]. The pre-Golgi compartment may also be the first site
of retrieval and recycling of proteins back to the ER [24,
42, 43]. Retrieval of escaped ER proteins as well as ret-
rograde transport of itinerant proteins such as the KDEL
receptor is also a function of the cis-Golgi [5, 29, 44, 45].
Once arrived at the Golgi, the modality of intra-Golgi
transport of secretory cargo is still a matter of debate (re-
viewed in [46–49]). According to the cisternal matura-
tion model, the Golgi apparatus exists as a polarised or-
ganelle where cisternae progress through the Golgi, such
that the cis-face is newly formed upon fusion of the pre-
Golgi compartments and the trans-face would represent
the oldest portion of the Golgi [1, 49–54]. Alternatively,

intra-Golgi trafficking may exploit vesicles as cargo car-
riers to accomplish movement and sorting of cargo in dif-
ferent compartments of the Golgi apparatus, as postu-
lated in the vesicle carrier model [31, 33, 55–57]. A fur-
ther model incorporates aspects of both hypotheses such
that intra-Golgi transport occurs both upon cisternal mat-
uration and with some movement of vesicle carriers [47,
54, 58]. Another model suggests that cargo moves
through permanent or transient continuities (i.e. transport
tubules) that connect successive compartments, thereby
creating a continuous compartment through which cargo
can flow [46, 51, 59, 60].
Transport from the Golgi apparatus to the plasma mem-
brane occurs by post-Golgi carriers [61, 62]. These initi-
ate as tubular extensions from the TGN, which extend out
from Golgi membranes and are severed at the farthest end
by the action of a dynamin-2 [63]. Post-Golgi transport
may require an intact actin cytoskeleton to be efficient, as
depolymerisation of actin with cytochalasin B signifi-
cantly slows export of cargo from the Golgi, while mi-
crotubule depolymerisation with nocodazole has no ef-
fect on cargo export [61].

Plants
Studies on the dynamics of the plant Golgi are relatively
preliminary in comparison with the mammalian counter-
part. Plant endomembranes do not label with vital
lipophilic dyes that specifically stain the membranes of
targeted organelles in mammalian cells [64]. Studies on
plant Golgi dynamics using GFP have also suffered a de-
lay with respect to other biological systems due to the
presence of a cryptic intron in the wild-type GFP that
caused aberrant splicing of the GFP coding sequence
such that the mature protein was unable to fluoresce [65,
66]. This phenomenon restricted the use of GFP to RNA
viral vectors where expression is not controlled by splic-
ing [67]. It was not until 1997 that Haseloff et al. pro-
duced a GFP with altered codon usage, which eliminated
the occurrence of aberrant splicing [66]. This opened up
the possibility of GFP technology to the study of plant or-
ganelle dynamics [68, 69]. The subsequent availability of
new GFP spectral variants lacking the cryptic intron has
further accelerated the study of plant cell dynamics. An-
other reason for the comparable delay in the characterisa-
tion of plant Golgi dynamics is due to the scarcity of gen-
uine plant Golgi enzymes to be used as markers in vivo.
In fact, it was not until GFP was fused to the putative 
Arabidopsis H/KDEL receptor Erd2 (a protein found in
mammalian cells to cycle in the ER-to-Golgi pathway
while recycling soluble proteins tagged with KDEL back
to the ER [44, 70]) and also to the transmembrane domain
of a rat sialyl-transferase (a Golgi glycosylation enzyme)
[71], and that both chimaeras were found to localise to
Golgi stacks by electron microscopy (EM), that the plant



Golgi could be investigated in vivo for the first time [72].
Subsequent identification of genuine plant Golgi en-
zymes and their fusion to GFP has opened up further the
characterisation of the dynamics of the Golgi apparatus in
different plant cell systems [73–76].
The organisation of plant Golgi apparatus at the light
level appears rather different to the mammalian Golgi
(fig. 1B). The plant Golgi apparatus is scattered in the
cell as small cisternal stacks in the cortical cytoplasm and
within trans-vacuolar strands of cytoplasm [72–75]. In
leaves, using fluorescent protein constructs, it appears
that the individual cisternal stacks of the Golgi apparatus
are closely associated with the cortical ER network [72,
77]. These stacks move in an actin-myosin dependent
manner over the tubules of the ER [72, 75], in contrast to
mammalian cells where microtubules are required for
ER-to-Golgi trafficking and Golgi positioning [38, 61].
Movie sequences of the ER-Golgi continuum indicate
that movement of the plant Golgi may in part be related
to modelling of the underlying ER network through con-
trol of ER tubule growth (see movies http://www.
brookes.ac.uk/schools/bms/research/molcell/hawes/gfp/
gfp.html) [78]. This indicates that the ER and Golgi may
behave as one dynamic system, either through direct
membrane continuities or through continuous vesicle or
tubule formation/fusion reactions [78].
This dynamic organisation of the plant secretory pathway
opens up questions about the modality of ER-to-Golgi
transport and the distribution of ER export sites. One
model originated from observations gathered in BY-2
cells expressing a mannosidase II (a Golgi-resident gly-
cosylation enzyme [79])-GFP chimaera. As the Golgi
stacks move, arrest and regain movement after time inter-
vals, it was postulated the discontinuity in Golgi move-
ment is linked to ER-to-Golgi protein transport. This
would occur during Golgi arrest, possibly after transient
detachment from actin (‘stop-and-go model’) [75]. Alter-
natively, Golgi movement in plant cells would allow the
Golgi to continually collect vesicles budding from the ER
(‘vacuum cleaner model’) [72].
In yeast and mammalian cells, most of the genes involved
in ER-to-Golgi transport have been characterised (see
above). The cytosolic coat protein complexes COPI and
COPII shuttle proteins between the ER and Golgi. Grow-
ing evidence in the plant literature [80–83] indicates that
components of the COP systems also operate in protein
trafficking in plant cells. Homologues of Sar1, Rab1 and
Arf1 have been cloned, and their GTPase-deficient mu-
tants act as trans dominant negatives for protein transport
[82, 84–86]. Takeuchi et al. established that an Arf1-GFP
chimaera localises at organelles, which they consider
Golgi [87]. These findings are in accordance with im-
munolocalisation of COPI components [81, 83] to small
vesicles surrounding or budding from cisternae at the cis
face of the Golgi apparatus in plant cells [81, 83].

The modality of transport of proteins through the plant
Golgi is still a matter of debate. Ritzenthaler et al. postu-
lated that intra-Golgi transport in BY-2 cells occurs by
cisternal maturation [83]. This was based on results 
obtained with the fungal metabolite BFA, which col-
lapses Golgi membranes into the ER [88]. A less inva-
sive approach is still needed to establish the nature of 
the real mechanisms underlying intra-Golgi transport in
plants.

Fluorescence recovery after photobleaching

GFP fluorescence has proved invaluable as a visual tool
for determining protein location and transport pathways
within cells, for investigating the biogenesis and dynam-
ics of organelles, as well as for direct observation of the
trafficking of proteins within, and between, living cells.
However, a more sophisticated application of GFP for 
the study of cellular dynamics is based on the ability to 
irreversibly photobleach the GFP fluorophore and to 
then measure the recovery of fluorescence by exchange
of bleached for unbleached GFP molecules, a process
known as fluorescence recovery after photobleaching
(FRAP). This technique has been used to assess the struc-
ture and connectivity of artificial [89] and biological
membranes [90].
A general downside of a FRAP protocol is the develop-
ment of free radicals, generated by the high-energy laser
irradiation, capable of causing damage to the cell. How-
ever, GFP is a particularly well-suited fluorescent tag for
FRAP experiments. Upon bleaching, the GFP barrel that
surrounds the core fluorophore constrains such free radi-
cals from escaping and damaging cellular components,
such as proteins and lipids.
The key fundamentals of FRAP are (i) the fluorescence of
the fluorochrome (such as GFP) is irreversibly eliminated
with an intense photobleaching pulse of laser light; (ii) in
the absence of physical constraints, a protein is free to
diffuse, i.e. it is able to move randomly by Brownian mo-
tion in its environment and (iii) recovery of fluorescence
into the bleached area is the result of exchange due to dif-
fusion of unbleached molecules with bleached ones in the
same area [90].
There are two types of FRAP protocols, quantitative and
qualitative. Qualitative FRAP allows protein movement
to be followed in vivo, within a defined area. This will
produce high-quality images that show a global fluores-
cence recovery within the bleached area but no data use-
ful for quantifying protein mobility. The quantitative pro-
tocol, on the other hand, allows estimation of a diffusion
coefficient, calculation of the mobile fraction and the
time of recovery of fluorescence after bleaching of a re-
gion of interest (ROI). The mobile fraction is the percent-
age of fluorescent protein that diffuses into a bleached
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area, and a diffusion coefficient is a measure of move-
ment of the mobile pool of fluorescent proteins over time.
In FRAP experiments, the half-time of recovery indicates
the time required for the fluorescence to reach 50% of a
plateau of intensity.
With the advent of two-colour GFP imaging [91], another
application of FRAP is to use photobleaching to visualise
protein trafficking or flux through a two-colour bleaching
protocol [78, 92, 93]. Proteins or signals to be visualised
should be tagged with either the cyan- (CFP) or yellow-
(YFP) fluorescent protein and coexpressed in the same
cells [91]. The two fluorochromes may be targeted to the
same organelle or even two chimaeras of the same pro-
tein. In this FRAP protocol, YFP and CFP molecules have
to be excited together, using a multi-tracking mode of a
confocal microscope with a 514-nm laser line to excite
YFP and a 458-nm (or 413-nm) laser line to excite CFP.
YFP is selectively photobleached using the 514-nm laser
line at maximum power, leaving CFP fluorescence unal-
tered. This technique is a great advance of the FRAP tech-
nology as it exploits CFP as a visual reference to follow
the dynamics of a targeted organelle, and simultaneously
to follow and quantify YFP fluorescence recovery. In ad-
dition, when YFP and CFP chimaeras of the same protein
are coexpressed, fluorescence recovery may be tracked by
image differencing by subtracting the image of the
bleached fluorochrome from that of the unbleached fluo-
rochrome, a technique called fluorescence localisation
after photobleaching (FLAP) [93].
Another application of photobleaching is to reduce fluo-
rescence from background noise to reveal faint popula-
tions of fluorescent proteins [34]. Alternatively, photo-
bleaching of a large pool of protein, for example on the
plasma membrane, allows visualisation of organelle dy-
namics inside the cell usually masked by the plasma
membrane pool. For example, a protein that cycles be-
tween the Golgi and plasma membrane might then be vi-
sualised in translocating intermediates [94].
Finally, fluorescence loss in photobleaching (FLIP) in-
vestigates fluorophore mobility and continuity between
fluorescent organelles [95]. FLIP is similar to FRAP in
that a region of interest is photobleached with a high-
power laser; however, unlike FRAP, this is repeatedly
bleached over time to deplete the entire fluorescent pool.
With this technique it is possible to assess the spatial con-
tinuity between two organelles if photobleaching of one
depletes the entire fluorescence of the other or even to de-
termine the free diffusion of a protein within a subcellu-
lar compartment.

FRAP applied to mammalian Golgi dynamics

FRAP as a tool to answer biological questions has found
applications in both animal and plant cells. However, this

technology has uncovered noticeable differences between
the dynamics of the Golgi in the two systems.
In mammalian cells, FRAP has been applied to investi-
gate diffusion, exchange, kinetics of proteins passing
through the Golgi apparatus.

Diffusion of proteins in the Golgi
Initial visualisation of the mammalian Golgi in vivo was
based on the application of fluorescent lipid derivatives,
such as NBD ceramide, to label the membrane as there
was no way to label proteins while maintaining cell via-
bility [96]. The usefulness of the vital stain NBD ce-
ramide was restricted by its metabolism into sphin-
golipids that were then trafficked to the plasma mem-
brane, making it only a transient marker for the Golgi
[97]. 
However, it allowed visualisation of tubulovesicular
processes emerging from the trans-Golgi network
(TGN), which either formed transport intermediates or
could fuse with adjacent trans-Golgi elements in a mi-
crotubule-dependent manner, forming a reticular network
[98]. By using FRAP, Cooper et al. were able to show that
these tubulovesicular processes formed pathways allow-
ing diffusion of membrane lipids between joined trans-
Golgi elements, although not between obviously sepa-
rate, discrete elements [98]. This study therefore demon-
strated for the first time that the dynamic processes at the
TGN are not only required for post-Golgi transport but
also for connectivity within the Golgi itself. Storrie et al.
used indirect labelling to visualise the movement of a
cargo protein through the secretory pathway in vivo [99].
Cells infected with the ts045 mutant of vesicular stoma-
titis virus (VSV-ts045) were held at 40°C to accumu-
late the virus glycoprotein (ts045-G or VSVG) in the
ER. Microinjection of rhodamine-conjugated Fab frag-

ments of a monoclonal antibody against the ts-045-G 
cytoplasmic tail enabled tracking of the protein through
the cell. FRAP of a thin strip across the Golgi in cells la-
belled with rhodamine label revealed that VSVG was able
to diffuse in Golgi and trans-Golgi membranes at rates
faster than those found for proteins on the plasma mem-
brane, i.e. it is not constrained by protein complexes [99,
100].
A real boost to FRAP application was given by the advent
of GFP technology. In 1996, Cole et al. published a sem-
inal paper not only using GFP as a marker for membrane
trafficking in mammalian cells for the first time, but also
demonstrating the biophysical potential of GFP for use in
live cell imaging and photobleaching techniques [95].
This enabled analysis of the behaviour of cellular proteins
not possible by previous, more invasive, means such as
biochemistry and EM. The authors created a number of
chimaeric Golgi membrane proteins, including Erd2 and
mannosidase II (Man2 [101]), by fusing the protein cod-
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ing sequence to GFP-encoding DNA and then expressing
the constructs in mammalian cell lines. These chimaeric
proteins were found to correctly localise to the Golgi.
Furthermore, a chimaera comprising just the transmem-
brane domain of galactosyltransferase fused to GFP was
also found to localise to the Golgi, showing that targeting
signals present in that domain alone are responsible for
Golgi localisation [95, 102, 103]. In fact it appears that
the length of the transmembrane domain of a protein, and
not its amino acid content, is sufficient to determine
Golgi localisation [102, 103].
At this time, the vesicular trafficking model of intra-
Golgi transport predicted that Golgi-localised enzymes
were found in the cisternae of the stack, while transiting
cargo was ferried between cisternae by vesicles [31, 104].
A dilemma was how the enzymes were prevented from
entering the vesicles. One hypothesis was that ‘kin recog-
nition’ between fellow enzymes would cause them to in-
teract and cluster together, creating large heterooligomers
unable to fit into the small translocating vesicles [105].
These protein complexes might even be further tethered
to an underlying Golgi matrix holding the cisternae to-
gether in a stacked formation [105]. This proposal was
based on the observation that overexpression of a Golgi
enzyme misdirected to the ER caused relocalisation of
other enzymes to the ER [101]. A FRAP approach on
Golgi proteins tagged with GFP elegantly provided the
first evidence for disproving the kin-recognition model
[95]. When Cole et al. analysed the dynamics of the GFP-
tagged Golgi membrane proteins in living cells, they
bleached small strips of fluorescence across the Golgi
stack and looked for recovery [95]. The kin recognition
model predicted that the membrane proteins would be
held in a stable conformation. However, the GFP chi-
maeras were found to rapidly recover the fluorescence to
the bleached region of interest with very high mobile
fraction (85–98%) and diffusion coefficient. This indi-
cated that the GFP chimaeras were freely diffusible in the
lipid bilayer within the Golgi cisternae and that they were
not aggregating or being slowed by interactions with
other proteins. Chimaeric GFP proteins of the p24 family
also exhibit fast diffusion through Golgi membranes fol-
lowing photobleaching of a small region [106]. Alu-
minium fluoride (AIF) is an activator of heterotrimeric G
proteins [107] and causes irreversible binding of periph-
eral protein complexes to the Golgi membrane [23, 108,
109]. In FRAP experiments on cells pretreated with AlF
for 10 min, virtually complete immobilization of all of
the GFP chimaeras in Golgi membranes was observed
[95, 106]. This showed that only when peripheral proteins
are unable to release from membranes are Golgi proteins
immobilized.
To investigate the extent to which Golgi membranes are
continuous, the same study [95] used a FLIP protocol for
first time. By repeatedly photobleaching a strip across the

Golgi, the authors could entirely deplete Golgi fluores-
cence extending outside the strip. Different regions of the
Golgi lost fluorescence at different rates, possibly due to
differences in connectivity, but overall extensive lateral
diffusion occurred between Golgi stacks. Thus, the chi-
maeras could diffuse rapidly and freely in Golgi mem-
branes, suggesting that Golgi targeting and retention of
these molecules does not depend on protein immobiliza-
tion.
Measuring diffusion of Golgi components was also used
to determine the fate of the Golgi membranes during mi-
tosis [110]. The tightly packed pericentriolar localisation
of the Golgi of interphase cells becomes dispersed during
mitosis and then recoalesces as cells enter interphase
once more. The nature of these dispersed membranes has
been much disputed [111, 112]. One model argues that
the Golgi becomes absorbed into the ER, taking advan-
tage of preexisting cycling pathways [110, 111], while the
other proposes that the Golgi is dispersed into vesicles
distributed throughout the cell [112]. Zaal et al. used
FRAP, in the first instance, of a Golgi membrane protein
galactosyl transferase (GalT) tagged with GFP to investi-
gate its mobility in mitotic cells [110]. They found that
the rate of diffusion of the membrane protein in the dis-
persed mitotic membranes was equivalent to that found
for the same chimaera when expressed in the ER in inter-
phase cells, i.e. in a continuous membrane system. Since
this does not exclude the possibility that vesicles would
be able to diffuse very fast through the cytosol of the mi-
totic cell, the authors then compared this mobility to that
of Golgi lipids in mitotic cells. If the Golgi redistributes
into vesicles in a mitotic cell, then the fluorescence of
Golgi-resident proteins and lipids would be expected to
recover at identical rates into a bleached region since they
would be on the same carrier, rather than moving as sep-
arate components of a continuous membrane system.
However, a fluorescent lipid analogue BODIPY-ceramide
was found by FRAP to have a diffusional mobility much
greater (10-fold faster) than the GFP-tagged Golgi pro-
tein, consistent with the different mobility expected be-
tween a protein and a lipid in an interconnected mem-
brane system [110]. BODIPY-ceramide dynamics in a
mitotic cell also matched those found for the dye when re-
distributed to the ER, upon treatment with BFA, in inter-
phase cells. These data are therefore not consistent with a
vesicle model for the Golgi in mitosis. Furthermore,
when GalT-GFP was repetitively photobleached using the
FLIP protocol in mitotic cells, the diffuse label was com-
pletely depleted, demonstrating that it is capable of dif-
fusing throughout the membranes in metaphase cells, and
therefore indicative of localisation to the ER [110]. In mi-
totic sea urchin embryo cells, FLIP of Golgi markers in-
cluding GalT-GFP and a KDEL-receptor-GFP (Erd2)
also revealed their localisation to a continuous membrane
system [113]. This suggests that relocalisation of the
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Golgi membranes to the ER may represent a common
mechanism for the division of the Golgi between daugh-
ter cells in eukaryotes.

Exchange
FRAP has been pivotal in defining the mammalian Golgi
as a dynamic organelle in the secretory pathway through
analysis of the behaviour of the Golgi’s constituent parts.
There are many different types of proteins associated
with the Golgi that are required to accomplish its many
functions. Membrane-bound proteins include the glyco-
sylation enzymes, required for the maturation of secre-
tory cargo, as well as putative cargo receptors such as ER-
GIC-53, the p24 family and Erd2 (KDEL receptor) that
cycle between the ER and the Golgi. Then there are the
peripherally associated proteins, such as coat proteins
(COPI and the clathrin/adaptor complex), the scaffold
proteins thought to hold the Golgi in its characteristic
stacked formation (e.g., GM130, GRASP65 [114, 115])
and signalling molecules such as PLD1, PKA, MEKK2
and PI-3K [116–120].
While Golgi membrane proteins had been found to be
freely diffusible within the Golgi apparatus [95] and itin-
erant proteins such as ERGIC-53 and Erd2 had been
found to cycle constitutively between the ER and the
Golgi [5, 44], the Golgi glycosylation enzymes were still
considered held within the boundaries of the Golgi as a
whole. It had been observed that upon treatment of cells
with nocodazole (which causes microtubules to depoly-
merise), Golgi membrane proteins became localised to
small punctate structures [121, 122]. It was proposed that
this was caused by fragmentation and dispersal of the
Golgi [122, 123]. These nocodazole-induced structures
were found to resemble mini-Golgi bodies by EM [124].
When cells expressing GFP chimaeras of Golgi glycosy-
lation enzymes were treated with nocodazole, FRAP of
these mini-stacks showed that these membrane proteins
were not constrained to the individual structures since the
fluorescence recovered, suggesting that resident proteins
were able to exchange between stacks, potentially via the
ER, although exchange by trafficking of small vesicles
from other mini-stacks could not be excluded [125].
However, when the whole Golgi was photobleached im-
mediately after addition of nocodazole, fluorescence was
still found to accumulate into mini-stacks in the absence
of new protein synthesis [110].
In these experiments, recovery of fluorescence indicated
the existence of another cellular pool of the Golgi en-
zymes, which was thought to be the ER. Moreover,
FRAP experiments indicated that an exchange of the
photobleached molecules with an unbleached pool en-
abled the fluorescence recovery by cycling pathways be-
tween the ER and the Golgi. That Golgi enzymes cycle
through the ER was confirmed by microinjection of a

dominant GTP-bound Sar1 mutant, which blocks protein
ER exit. Blockage of exit from the ER causes Golgi en-
zymes to gradually accumulate in the ER as they recycle
from the Golgi [110, 125]. To show that Golgi enzymes
still cycle constitutively in the absence of cellular pertur-
bants, the Golgi pool of GalT-GFP was selectively pho-
tobleached in untreated cells (fig. 2A). Fluorescence
was found to recover to the area within 20 min, indicat-
ing exchange with the ER pool. Conversely, if the total
cellular fluorescence outside of the Golgi (i.e. the ER
pool) was photobleached, it was found to recover with
comparable decrease in total Golgi fluorescence [110].
The purpose of this cycling pathway in interphase cells
is not clear but may underlie maintenance of Golgi struc-
ture [32, 110].
In contrast to the Golgi enzymes, other membrane pro-
teins associated with the Golgi, such as KDEL receptor,
are required to cycle between the ER and the Golgi in or-
der to fulfil their proposed functions, i.e. to retrieve es-
caped soluble KDEL-labelled ER proteins back from the
Golgi [44]. Other proteins such as ERGIC-53 and the p24
family of proteins are also thought to be cargo receptors
and cycle between the ER and the Golgi [5, 126]. Unsur-
prisingly, therefore, FRAP of the Golgi fluorescence in
cells expressing GFP chimaeras of these proteins shows
that recovery is much faster (within 4 min) than that of
the glycosylation enzymes, indicating faster cycling
times within the early secretory pathway [26, 127].
FRAP of membrane-associated proteins has also led to
the identification of novel trafficking pathways [94]. GFP
targeted to membranes through a glycosyl phosphatidyli-
nositol (GPI) anchor, or another endogenous GPI-linked
protein tagged with GFP, CD59-GFP, are both found pre-
dominantly on the plasma membrane, but there is also a
significant Golgi pool. FRAP of the Golgi pool in the ab-
sence of protein synthesis showed that the photobleached
GFP chimaeras were exchanging with the plasma mem-
brane pool, enabling recovery of fluorescence to the
Golgi. Nichols et al. then showed that this recovery was
independent of clathrin-mediated endocytosis, thereby
indicating that there is a route from plasma membrane to
the Golgi that bypasses the endocytic pathway [94].
The behaviour of the peripheral Golgi coat proteins is
very different from the membrane-associated Golgi pro-
teins. COPI is a cytosolic protein complex that is re-
cruited onto the membrane by the small GTPase Arf1,
where it then facilitates membrane budding and fission of
transport intermediates. FRAP of Golgi membranes la-
belled with either Arf1-GFP or eCOP-GFP (a component
of COPI) shows that there is rapid exchange between cy-
tosolic and membrane-bound pools of the proteins [34,
128]. Cycling is dependent on the guanine nucleotide
binding cycle of Arf1: when the cells additionally express
a dominant positive mutant of Arf1, i.e. it is held in the
GTP-bound state, both Arf1 and COPI become irre-
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versibly bound to Golgi membranes and no recovery is
seen when the fluorescence is photobleached [34, 128].
The scaffold, or matrix, proteins (including GM130 and
GRASP65) are peripherally associated Golgi proteins
that are thought to hold the Golgi in its stacked con-
formation [114, 115]. Expression of a full-length
GRASP65-GFP chimaera labelled the Golgi [129]. When
this was selectively photobleached, recovery to the mem-
branes was very rapid with significant fluorescence visi-
ble within 1 min, similar to the recovery seen for the coat
proteins [26]. To determine whether the fast recovery af-
ter photobleaching was due to its rapid cycling through
ER-Golgi membrane pathways or to its binding and re-
leasing from Golgi membranes, Ward et al. examined the
effect of microtubule disruption on the recovery kinetics
[26]. As microtubules serve as tracks for the ER-to-Golgi
transport of membrane-bound intermediates [38], micro-
tubule disruption would only be expected to inhibit
GRASP65-GFP dynamics if the protein were rapidly cy-
cling to and from the Golgi via membrane trafficking
pathways, but would have no effect if GRASP65-GFP
were binding and releasing from Golgi membranes.
When the Golgi fluorescence was photobleached imme-
diately after depolymerisation of microtubules (i.e. be-
fore Golgi fragmentation), recovery of GRASP65-GFP
was unaffected. Under the same conditions, similar re-

sults were found for eCOP-GFP, which does not require
membrane cycling pathways to associate with the Golgi
[26, 34], but recovery of a membrane-bound protein, p58-
GFP, was significantly impaired. This therefore showed
that the scaffold proteins do not form a stable matrix but
instead associate dynamically with Golgi membranes in a
manner reminiscent of the coat proteins.
The cargo protein VSVG tagged with GFP has proved a
very important marker for membrane traffic. It has en-
abled characterisation for the first time not only of ER-to-
Golgi transport intermediates [38] but also post-Golgi in-
termediates [61]. In both cases, rather than being small
vesicular carriers, VSVG-GFP showed that the cell uses
large pleiomorphic structures to translocate material
through the cytosol. In order to show that the VSVG-
GFP-containing tubular structures budding off the ER are
truly destined for the Golgi, fluorescence in the Golgi was
selectively photobleached [38]. Trafficking intermediates
were then visualised translocating into the Golgi region,
and concomitant recovery of fluorescence to the Golgi
was found [38].
White et al. have used the development of two-colour
GFP imaging [91] to label the Golgi with T2-CFP (the
stalk region of N-acetylgalactosaminyltransferase-2
tagged with cyan fluorescent protein [125]), while visu-
alising translocating cargo dynamics with VSVG tagged

Figure 2. Demonstration of FRAP in living cells. (A) NRK cells stably expressing GalT-YFP to label the mammalian Golgi. The Golgi re-
gion was photobleached with high-intensity laser, and recovery was monitored over time at low laser intensity. (B) NRK cells stably ex-
pressing Sec13-YFP to label mammalian ER exit sites. A region of interest encompassing a number of ER exit sites was photobleached,
and recovery was monitored over time. (C) Photobleaching of Erd2-GFP fluorescence localised in the Golgi (arrows) of tobacco leaf epi-
dermal cells. The cells were treated as described in [78], with actin and microtubule depolymerising agents Fluorescence recovery indi-
cates that movement along the actin/microtubule cytoskeleton is not required for ER-to-Golgi membrane protein transport. Scale bar, 5 mm.
(A) and (B) reproduced from The Journal of Cell Biology (2001) 155: 557–570 by copyright permission of  The Rockefeller University
Press.



with yellow fluorescent protein [92]. FRAP of VSVG-
YFP, while simultaneously imaging unbleached T2-CFP
to follow the morphology of Golgi membranes, showed
that at the resolution offered by a confocal microscope,
Golgi membranes do not appear to change while VSVG
traffics through, and exits from, the organelle [92].
The debate over the mechanism of Golgi replication in
mitotic mammalian cells as discussed above has led to
two models to explain the reformation of the Golgi in the
daughter cells. Merging of the Golgi with the ER during
mitosis would enable a new Golgi to grow out of the ER
by de novo synthesis [26, 110], whereas the alternative
model suggests that preexisting Golgi in the form of the
mitotic vesicles and fragmented membranes would fuse
back together, i.e. that the Golgi is an autonomously
replicating organelle [130–134]. Many approaches have
been used to address this question. These have centered
mainly on finding whether non-mitotic cells are able to
regrow a Golgi. The fungal metabolite BFA causes re-
versible absorption of Golgi membranes by the ER [88].
However, some components do not fuse with the ER; for
example the matrix proteins and cycling membrane pro-
teins, such as ERGIC-53, label small punctate structures
scattered through the cell [114, 135, 136]. Similarly,
when mammalian cells express the activated Sar1 mutant
Sar1[H79G], the glycosylation enzymes are retained in
the ER, while matrix and cycling proteins such as ER-
GIC-53 and KDEL receptor are found in separate struc-
tures [26]. The nature of these structures has been the
subject of much discussion [26, 131]. They have been
termed ‘Golgi remnants’ that are left behind as residual
Golgi membranes that would then seed the growth of new
Golgi upon release of the transport block [131, 137].
However, Ward et al. showed that upon treatment with
BFA, these structures were not originating from the Golgi
but appear in the cytosol without tracking out from the
Golgi and therefore must form de novo [26]. They colo-
calise with ER exit sites as defined by COPII label [26].
Subunits of the COPII coat complex required for ER exit
exhibit fast membrane-cytosol exchange as visualised by
FRAP of ER exit sites expressing GFP chimaeras (fig.
2B) [25, 26], in a manner similar to COPI [26, 34, 128].
Upon treatment with BFA, FRAP experiments of COPII
components proved that these are still cycling at ER exit
sites [26]. The subsequent finding, by FRAP, that ER-
GIC-53 chimaeras, as well as matrix proteins, are still cy-
cling either between the structures and the ER, or ex-
changing with a cytosolic pool, confirmed that the BFA-
induced ‘Golgi remnants’are at ER exit sites, and are able
to recruit only certain classes of proteins [26]. Release of
the COPI block (after removal of BFA by washout) allows
these membranes, which closely resemble VTCs [26,
138], to mature into pre-Golgi intermediates and reform
the Golgi in the perinuclear region. Expression of the
dominant negative Sar1[T39N] (GDP-bound Sar1 mu-

tant) [26] or very high levels of Sar1[H79G] (GTP-bound
Sar1 mutant) [139] prevent formation of COPII-labelled
ER exit sites, and all Golgi components become redis-
tributed to the ER.
Thus, FRAP analysis had led to unique understanding of
the dynamics of recycling and resident Golgi membrane
proteins, coatomers and matrix proteins. It appears that
all these components of the Golgi are dynamically asso-
ciated with this organelle. These data and the observation
that when the protein cycling pathways are disrupted,
Golgi integrity breaks down, and Golgi components are
redistributed to the site of the transport block, suggest
that when conditions for a Golgi reformation apply, the
Golgi may then reform de novo.
FRAP has also been used to investigate processes under-
lying cellular differentiation. During skeletal muscle cell
differentiation from myoblasts to myotubes, the Golgi un-
dergoes a dramatic reorganization, such that instead of a
compact perinuclear compartment, it is dispersed into el-
ements that form a fenestrated belt around the myotube
nuclei. FRAP analysis of myoblasts expressing mannosi-
dase II labeled with GFP after Golgi reorganization
demonstrated that Golgi-localised proteins are still cy-
cling between the Golgi elements and the ER [140]. The
mechanism for Golgi dispersal may follow a Golgi-ER
cycling route similar to that found in undifferentiated
cells on treatment with nocodazole [140].

Kinetics
Quantitative time-lapse imaging data of single cells ex-
pressing GFP-tagged molecules have been used to ad-
dress the kinetic properties of secretory transport, includ-
ing how long a protein resides in a particular compart-
ment and the rate of transfer of a protein between
compartments. This approach was first used to investi-
gate the behaviour of VSVG-GFP as it translocates the se-
cretory pathway. Hirschberg et al. were able to determine
the rates of VSVG-GFP influx into, and efflux from, dif-
ferent secretory compartments [61]. They found that even
at very high concentration of cargo (e.g. when VSVG is
first released from the 40°C temperature block and be-
gins to exit the ER), efflux from the ER occurs at a con-
sistent rate, indicating that the machinery is not saturated.
The kinetic analysis also indicated that there would be no
lag as VSVG translocated the Golgi, contrary to the pre-
dictions of the cisternal maturation model [141]. These
quantitation experiments required data sets obtained sim-
ply by visualization of VSVG-GFP as it is transported
through the cell. However, FRAP of the Golgi pool of
GFP chimaeric proteins has enabled quantitation of their
compartmental exchange. For example, kinetic modeling
of FRAP experiments revealed that an average GalT-GFP
molecule cycles between Golgi and ER every 85 min, re-
siding in the Golgi for approximately 58 min and in the
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ER for 27 min [110]. In contrast, an itinerant Golgi pro-
tein related to ERGIC-53, VIP36-GFP, was found to have
a half-life for residency in the ER of 113 min but only
1.67 min in the Golgi [127], accounting for the chi-
maera’s steady-state distribution of 13% Golgi/87% ER.
In the Golgi-to-plasma membrane cycling pathway dis-
covered for the GPI-anchored proteins, it was found that
on average GPI-GFP molecules reside in the plasma
membrane for ~200 min and in the Golgi complex for 
~ 9 min [94].
Kinetic analysis of the lifetime of residency of the coat
proteins eCOP-GFP and Arf1-GFP on Golgi membranes,
as measured by both FRAP and release upon addition of
BFA, has given important information about the en-
zyme’s kinetics and the behaviour of the COPI coat and
its interactions with the Golgi membrane [34]. While ac-
tivated Arf1 is required to bring COPI to the membrane,
COPI remains bound once associated with the membrane
even after Arf1 has hydrolysed its GTP and dissociated.
This uncoupling of COPI from Arf1, and the ability for
these proteins to exchange at 4°C, below the temperature
for vesicle budding, suggests more than the simple for-
mation of a vesicle coat, and it seems possible that Arf1
and COPI are together required for generating membrane
domains that might then become transport intermediates
[34].

Plant Golgi dynamics analysed by FRAP

FRAP, as with many other sophisticated applications of
GFP and its fluorescent derivatives, is a relatively novel
technique for the study of the endomembrane system in
plant cells. Brandizzi et al. reported for the first time in
2002 on the movement of membrane proteins in vivo
from the ER to the Golgi in tobacco leaves [78]. In this
study, EM showed that Golgi apparatus has an apparent
continuity with the ER. Such a vicinity raised questions
on the nature of protein movement from the ER to the
Golgi. It is possible, on the basis of the EM observation,
that protein transport to the Golgi could occur by diffu-
sion. To solve this issue, FRAP experiments were per-
formed on leaf tissues expressing GFP fused to either
Erd2 (H/KDEL receptor) or the membrane domain of a
rat sialyl transferase (fig. 2C). These experiments showed
that recovery of fluorescence to the bleached Golgi is en-
ergy dependent, and therefore ER-to-Golgi transport in
plant cells could not be a process of passive diffusion
[78].
In tobacco plant cells, Golgi are distributed on the ER and
alternate motile and arrested phases [72, 77, 85]. The
movement of Golgi bodies over the ER is driven by actin-
myosin motors [72, 77, 78]. To investigate whether an
actin or microtubule cytoskeleton participates in protein
transport towards the Golgi, leaf tissues were treated with

cytoskeleton depolymerising agents. In the absence of an
intact actin cytoskeleton, Golgi bodies stopped moving,
and when a FRAP experiment was carried out in these
conditions, Golgi stacks recovered their fluorescence
within 5 min of the bleaching event [78]. This shows that
actin is clearly not required for ER-to-Golgi trafficking
even though it is required for Golgi movement.
To investigate the involvement of microtubules in the
movement of membranes towards the Golgi, leaf tissues
were treated with colchicine to depolymerise micro-
tubules. In the absence of microtubules, Golgi bodies
were still mobile. Therefore, the concomitant use of an
actin depolymerising agent was still required in order to
perform FRAP on immobilised Golgi. Again, Golgi bod-
ies regained fluorescence within 5 min of the bleaching
events [78].
FRAP experiments performed in the absence of intact mi-
crotubules and/or actin on membrane proteins like Erd2-
GFP and a transmembrane domain of a rat sialyl-trans-
ferase fused to GFP (ST-GFP) [72], which locate all over
the Golgi and towards the trans areas of the Golgi, re-
spectively [72], did not highlight substantial differences
in the time of recovery upon photobleaching, suggesting
that Golgi components that behave differently in mam-
malian cells are able to exchange between the plant ER
and Golgi with similar kinetics. The recovery time of
these two proteins also did not differ from the recovery
time of a glycosylated form of ST-GFP [78, 85].
These results highlight differences between the plant and
mammalian Golgi. In mammalian cells, microtubules are
essential for translocation of pre-Golgi intermediates to
the Golgi apparatus, but in the absence of microtubules
(by treatment with nocodazole) the emergence of mini-
Golgi stacks at ER exit sites reestablishes secretory flow
from the ER to the plasma membrane [32, 124]. In plants,
the cytoskeleton does not seem to be essential for protein
transport to the Golgi. However, there are still two open
questions. It is still unknown in plant cells whether pro-
tein transport to the Golgi would be faster in the presence
of an intact cytoskeleton and whether the protein trans-
port to the Golgi occurs during movement or only when
Golgi are immobile on the ER. It is possible in fact that
upon use of actin-depolymerising agents, Golgi stacks
halt on ER export sites. At present we cannot rule out that
protein transport to the Golgi may also occur during the
motion phases of the stop-and-go pattern as well as the
arrest phase over the ER.
The results from Brandizzi et al. are in accordance with
those of Saint-Jore et al. [77, 78]. In the latter case BFA
was used to investigate the involvement of the cytoskele-
ton in transport to and from the Golgi with some of the
Golgi markers used by Brandizzi et al. [78]. In mam-
malian cells BFA induces redistribution of the Golgi
membrane proteins to the ER [88]. After treatment with
BFA, fluorescent Golgi markers expressed in tobacco
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that dictate Golgi morphology and physiology. It was de-
veloped to bridge the gap between visualisation of a dy-
namic process and its quantification, and without this
technology many processes could not have been other-
wise verified and investigated. In this respect, FRAP has
proved an invaluable tool to answer fundamental biologi-
cal questions regarding the dynamics of mammalian and
plant Golgi. The application of FRAP to Golgi proteins in
both animal and plant cells has been used to demonstrate
not only that Golgi proteins are not static/restrained
within the organelle, but also the connectivity between
organelles within the secretory pathway, i.e. the extent to
which the Golgi is in flux with both the ER and plasma
membrane. In mammalian cells, FRAP has also been
used to elucidate the distribution of Golgi components in
both mitosis and interphase and in the presence of cellu-
lar perturbants. It has enabled identification of new path-
ways and has revealed that the Golgi has no stable scaf-
fold. In addition, it has added insight into the mechanisms
of coat protein function.
FRAP technology is in continuous development. With the
production of GFP spectral variants such as CFP and YFP,
FRAP has been adapted to answer new biological ques-
tions. In the future, it is likely that two-colour FRAP will
be applied to cells more frequently. In particular, this will
be particularly useful to carry out FRAP experiments on
motile organelles. For example, FRAP of yeast or plant
Golgi may now be performed in a more natural environ-
ment. It will no longer be necessary to stop Golgi move-
ment with cellular perturbants to perform a single-colour
FRAP, as double labelling of Golgi with YFP and CFP
will enable moving Golgi to be followed by imaging CFP
fluorescence, while quantifying YFP fluorescence after
photobleaching at the same time. Another application
will be to label a resident protein, for example a Golgi 
enzyme, and then analyse the behaviour of cargo as it 
traverses the Golgi to identify exit and entry domains 
[60, 92].
Finally, the recent development of a photoactivatable
GFP [145] will provide a complementary approach to
dissecting organelle dynamics. This spectral variant of
GFP (PA-GFP) is activated by high-level 413-nm laser ir-
radiation, rather than photobleached, such that it can then
be visualised with 488-nm excitation. This enables acti-
vation of a specific pool of GFP-tagged proteins, which
can then be tracked through the cell, in effect a real-time
pulse-chase mechanism. Use of PA-GFP avoids the prob-
lem of a potential pool of unfolded GFP that might create
later fluorescence [110, 132], as only the activated mole-
cules will fluoresce. In addition, once activated, the pool
of fluorescent protein is then stable for long periods of
time. This allows monitoring of longer-term cellular
changes not possible through standard FRAP applica-
tions, which require protein translation inhibitors to pre-
vent production of new GFP-tagged molecules.
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epidermal leaves and BY-2 cells are redistributed in the
ER [72, 77, 83]. This effect is reversible upon BFA
washout [77, 142, 143]. Saint-Jore et al. proved that in the
absence of an intact actin and microtubule cytoskeleton,
the BFA effect and BFA washout effect were still taking
place [77], indicating that movement of proteins to and
from the Golgi are cytoskeleton independent.
The effect of BFA on ER/Golgi trafficking in plant cells
in vivo was further analysed by FRAP of Golgi double-
labelled with YFP and CFP chimaeras of the same protein
[78]. YFP was selectively bleached and the integrity of
the Golgi stacks, within the limited resolution offered by
a confocal microscope, was simultaneously monitored
with CFP fluorescence. When either AtErd2-YFP or ST-
YFP was bleached in the presence of BFA, but before re-
distribution of fluorescence into the ER, no recovery of
fluorescence was observed in 50% of ST-YFP and 40%
of Erd2-YFP labelled stacks. During the recovery period,
the CFP signal indicated that photobleaching does not ap-
pear to damage the Golgi. Moreover, the double expres-
sion results indicate that BFA can inhibit forward trans-
port of proteins to the Golgi before any morphological
change in the Golgi, detectable within the resolution of
the light microscope, and Golgi membrane reabsorption
into the ER, can occur. An explanation for these results
may reside in the rapid loss of the COPI coat from Golgi
membranes due to BFA inhibition of the Arf1 guanine nu-
cleotide exchange factor [27, 28, 83, 144]. In mammalian
cells, BFA treatment has been shown to prevent Golgi en-
zymes and some cargo from being recruited to ER exit
sites, even though the Sar1-COPII system is still opera-
tional at these sites [26, 135]. This finding has led to the
proposal that the sequential activity of the Sar1-COPII
and Arf1-coatomer systems jointly serve to form and
maintain Golgi structures [24, 25], whose components
continuously circulate through the ER [26]. In this view,
Arf1-coatomer is required for forward trafficking out of
the ER due to its role in differentiating ER exit domains
formed by the Sar1-COPII system. Without the joint ac-
tivities of both Sar1-COPII and Arf1-coatomer, forward
trafficking into the Golgi cannot occur. BFA block on for-
ward transport of AtErd2-GFP and ST-GFP to the Golgi
provides important support for this model.

FRAP: where to in the future?

FRAP technology is a key tool to answer questions about
the dynamics of cellular organelles. FRAP opens up 
new and exciting perspectives for investigating dynamics
of vital organelles and addresses questions about pro-
tein mobility, membrane connectivity and movement 
in vivo.
GFP-based FRAP is less than a decade old, but it has rev-
olutionised the study of the Golgi in vivo and the proteins



FRAP is a state-of-the-art technology in continuous de-
velopment, and microscopes and software are becoming
exponentially more powerful. It may not be long before
we will witness the development of more sophisticated
imaging facilities able to provide a strong technological
platform to apply different combinations of FRAP condi-
tions and to answer simultaneously multiple biological
questions inside just a single cell.
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