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INTRODUCTION

The organization and function of the Golgi complex
has intrigued cell biologists for many years (Farquhar
and Palade, 1998; Mazzarello and Bentaivoglio, 1998).
This is due both to the Golgi’s central role in secretory
membrane traffic and sorting, and to its unique struc-
ture and dynamics. The Golgi complex receives newly
synthesized proteins and lipid from the ER, covalently
modifies them, and then repackages them for delivery
to plasma membrane, lysosomes, or secretory gran-
ules. It also recycles membrane components back to
the ER for continued use. These diverse functions
depend on small membrane-bound transport interme-
diates that shuttle protein into and out of the Golgi’s
stack of flattened cisternae and associated tubules and
vesicles. Such transport intermediates regulate protein
and membrane flux into and out of the Golgi complex
and thereby control the steady-state size and location
of this organelle. In so doing, they ensure the proper
functioning of the Golgi complex, enabling the cell to
tailor its biosynthetic and secretory products for spe-
cific cellular needs.

The emergence of green fluorescent protein (GFP)
technology has enabled proteins to be visualized in
the unperturbed environment of the living cell
(Chalfie et al., 1994). This allows direct observation of
intracellular structures, whose life history and path-
ways previously have only been deduced. In the mov-
ies shown below, membrane proteins fused to GFP
were used to visualize the dynamics of the Golgi
complex and the transport intermediates that shuttle
membrane proteins into and out of this organelle.
Included are time-lapse sequences that show the for-
mation, translocation, and fate of Golgi-targeted/ de-
rived transport intermediates. Also shown are movies
revealing how the distribution/morphology of the
Golgi complex is affected when such processes are
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perturbed. In addition, results of photobleaching ex-
periments characterizing the lateral mobility of pro-
teins residing within the Golgi complex are presented.
These movies demonstrate the dynamic, steady-state
nature of the Golgi complex and provide insight into
the tubule-vesicular carriers that mediate membrane
flow into and out of this organelle.

VIDEO MOVIES

Mowvie 1: Formation and Life History of ER-to-Golgi
Transport Intermediates

The ts045 vesicular stomatis viral G (VSVG) protein
misfolds and is retained in the ER at 40°C and upon
shift to 32°C moves as a synchronous population to
the Golgi complex before being transported to the
plasma membrane (Bergmann, 1989). These proper-
ties of VSVG are preserved upon addition of GFP to
the cytoplasmic tail of the protein, allowing detailed
analysis of the morphological characteristics of ER-
to-Golgi transport to be visualized in living cells
(Presley et al., 1997; Scales et al., 1997). Movie 1
(from Presley et al., 1997) (Figure 1) shows confocal
images acquired at 8.6-s time intervals after shift
from 40 to 32°C in COS cells expressing VSVG-GFP.
Note that within seconds of temperature shift, ER-
localized VSVG-GFP became concentrated within
bright, fluorescent pre-Golgi intermediates that
were widely distributed at ER sites scattered
throughout the cytoplasm. Pre-Golgi structures
never appeared to arise at the same site as previous
ones, which suggested they formed de novo from
dynamically generated nonfixed ER sites. Once
formed, the pre-Golgi structures had only a finite
lifetime and quickly translocated as units through
the cytoplasm to the Golgi complex with no loss of
fluorescent material. During transport, the pre-
Golgi intermediates often stretched into long tubu-
lar elements as they moved along curvilinear tracks
to the Golgi complex. This indicated that they were
not small vesicles but larger, pleiomorphic struc-
tures. Because pre-Golgi intermediates and their as-
sociated cargo translocate as discrete entities into
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Figure 1. Movie 1 depicts formation and life history of ER-to-Golgi transport intermediates.

the central Golgi region, they may function both in
membrane traffic and Golgi biogenesis. Additional
studies are required to understand how pre-Golgi
structures arise from the ER and the extent they
engage in membrane sorting and recycling pro-
cesses.

Movie 2: Translocation of Pre-Golgi Intermediates

This movie shows a confocal time-lapse sequence of
VSVG-GEFP transport in COS cells incubated at 15°C
for several hours before temperature shift to 32°C
(from Presley et al., 1997) (Figure 2). At 15°C, pre-
Golgi structures fail to translocate efficiently

through the cytoplasm and remain closely associ-
ated with ER exit sites where they can continue to
receive cargo (Saraste and Kuismanen, 1992). This
results in the formation of larger pre-Golgi interme-
diates (up to 1.5 wm in diameter) which are more
easily visualized within cells. As shown in the
movie (images collected at 3.6-s time intervals on a
confocal microscope), enlarged pre-Golgi intermedi-
ates quickly detached from ER exit sites and trans-
located into the Golgi region upon warmup from 15
to 32°C. They moved in an identical fashion as the
smaller pre-Golgi intermediates observed in cells
shifted directly from 40 to 32°C. In both cases, the

Figure 2. Movie 2 shows translocation of pre-Golgi intermediates.

1618

Molecular Biology of the Cell



Figure 3. Movie 3 shows role of microtubules in ER-to-Golgi
traffic.

pre-Golgi intermediates translocated as discrete en-
tities in a stop-and-go fashion through the cyto-
plasm. Movement was unidirectional along curvi-
linear tracks toward the cell center at rates of up to
1.4 um/s. Long tubules extending in the direction of
motion of the pre-Golgi intermediates were often
seen, suggesting a motor on the tip of the tubule was
pulling the pre-Golgi structures inward toward the
Golgi complex. These results indicate pre-Golgi
structures can be variable in size and still translo-
cate efficiently through the cytoplasm to the Golgi
complex.

Movie 3: Role of Microtubules in ER-to-Golgi
Traffic

Microtubules have long been thought to play a role in
ER-to-Golgi traffic (Ho et al., 1989; Saraste and Svens-
son, 1991). These cytoplasmic filaments emanate from
the centrosomal Golgi region in many cells and form a
polarized radial array—microtubule minus ends con-
verging at the cell center and plus ends scattered in the
cell periphery. This organization is ideal for directing
peripheral ER-derived membrane into the Golgi re-
gion. The requirement of microtubules for transloca-
tion of pre-Golgi structures toward the central Golgi
complex is shown in Movie 3 (Figure 3). (Images were
acquired at 4-min intervals using a confocal micro-
scope.) Here, VSVG-GFP-expressing COS cells were
treated with nocodazole to depolymerize microtu-
bules prior to temperature shift from 40 to 32°C. Note
that soon after temperature shift, VSVG-GFP was
efficiently exported out of the ER into peripheral pre-
Golgi elements, but these structures remained at
peripheral sites. This effect of microtubule depolymer-
ization was reversible, with pre-Golgi structures
quickly reattaching to newly formed microtubules and
translocating microtubule minus end-directed into the
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Golgi region upon removal of nocodazole (Presley et
al., 1997). The microtubule motor complex of dynein/
dynactin was shown to power this transport to the
Golgi complex (Burkhardt et al., 1997; Presley et al.,
1997). How dynein/dynactin associates with pre-
Golgi intermediates and how its interaction with mi-
crotubules is regulated are important questions for
future work.

Movie 4, A and B: Fate of Pre-Golgi Intermediates
upon Reaching the Golgi Complex

Targeting and fusion of pre-Golgi structures with
Golgi membranes was visualized in VSVG-GFP ex-
pressing COS cells whose Golgi-associated fluores-
cence was photobleached with high-intensity laser
light at the time cells were warmed from 15 to 32°C.
After photobleaching, time-lapse images of the en-
tire cell were collected with low-power laser light to
follow movement of pre-Golgi structures into the
Golgi region. As shown in the movie sequence 4A
(from Presley et al., 1997) (Figure 4A), pre-Golgi
structures translocated inward to the Golgi com-
plex, docked, and then delivered their contents of
VSVG-GEFP into the Golgi system. These results in-
dicate that pre-Golgi structures are the major source
of delivery of VSVG-GFP to the Golgi complex. The
fact that the entire profile of the Golgi complex
refilled with fluorescence within a short period after
photobleaching (see Movie 4B [Figure 4B]) further
suggested that VSVG-GFP is rapidly transported
throughout the Golgi complex after its delivery by
pre-Golgi intermediates.

Movie 5: Intra-Golgi Traffic Revealed by
Photobleaching Recovery

The detailed path followed by cargo and Golgi resi-
dent proteins within the Golgi complex cannot easily
be resolved at the light microscopic level, because
Golgi stacks are often <488 nm in depth (e.g., the
wavelength of blue light). Nevertheless, insight into
the lateral mobility of proteins within Golgi mem-
branes can be obtained using fluorescence recovery
after photobleaching (FRAP). This technique can help
distinguish between retention and retrieval mecha-
nisms for Golgi protein localization (Cole et al., 1996b).
In FRAP, a small region of the cell is photobleached,
and recovery of fluorescence into the bleached region
is monitored over time. The kinetics of fluorescence
recovery allow calculation of the diffusion coefficient,
D, which is a measure of the speed of protein diffusion
in the membrane, and the immobile fraction, which is
the fraction of proteins that do not recover during the
time course of the experiment. Photobleaching perma-
nently inactivates the fluorophore, so return of fluo-
rescence is due only to exchange of nonfluorescent
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with fluorescent proteins by lateral diffusion within
the membrane.

Movie 5 shows recovery after photobleaching of the
Golgi enzyme galactosyltransferase tagged with GFP
in HeLa cells (from Cole et al., 1996b) (Figure 5). In this
experiment, the region of the Golgi complex above the
dotted line was photobleached with high-energy illu-
mination from a confocal microscope. Recovery of
fluorescence into the photobleached region was then
followed by imaging the entire Golgi body at low-
energy light at 4-s time intervals. Note that within 1
min complete recovery of fluorescence into the
bleached box occurred. This indicates that Golgi resi-
dent proteins such as GalTase diffuse rapidly, without
constraints, through the Golgi complex. The diffusion
coefficient calculated from FRAP experiments was 5 X
107% cm?/s with >90% of the proteins mobile (Cole
et al., 1996Db).

Movie 6: Protein Trafficking between Golgi Stacks

A variation of FRAP, called fluorescence loss in pho-
tobleaching (FLIP), can be used to monitor movement
of fluorescently tagged molecules between two differ-
ent regions of a cell or organelle (Cole et al., 1996b)
(Figure 6). In FLIP, fluorescence in one region of the
cell is photobleached with high-intensity illumination
while another region is imaged with illumination suf-
ficiently low to avoid significant photobleaching. If
photobleaching one region reduces the fluorescence in
the other region as well, diffusional exchange of mol-
ecules between the two regions has occurred. As
shown in Movie 6 (from Cole ef al., 1996b), repetitive
photobleaching in a small area of the Golgi complex
led to loss of GFP fluorescence from the entire Golgi
complex with only outlying Golgi elements retaining
fluorescence. This result implies that the numerous
compact stacks of cisternae that constitute the Golgi

Figure 4. Movie 4 shows fate of pre-Golgi intermediates upon reaching the Golgi complex.
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complex are extensively interconnected, allowing
highly mobile proteins such as GalTase to move
quickly from one part of the Golgi to another. Move-
ment is likely to occur by lateral diffusion of these
proteins across thin membrane tubules that in ultra-
structural studies have been shown to interconnect
Golgi stacks (Rambourg and Clermont, 1990). Interest-
ingly, ATP depletion of cells, which blocks vesicle
transport, showed little or no effects in FLIP experi-
ments of GalTase-GFP-expressing cells (Cole et al.,
1996b). This result indicates that the extensive move-
ment of Golgi enzymes observed in FLIP experiments
is not due to vesicle budding and fusion processes.

Movie 7: Golgi Tubules: Potential Vehicles for
Golgi-to-ER Retrograde Traffic

Golgi membrane tubules are known from ultrastruc-
tural studies to be a major characteristic of Golgi mor-

Golgi Membrane Dynamics

Figure 5. Movie 5 shows intra-Golgi traffic revealed by photo-
bleaching recovery.

phology. Both the cis and trans face of the Golgi stack
are composed of extensive tubule networks of mem-
brane, and tubule processes frequently interconnect
Golgi stacks (Rambourg et al., 1979; Tanaka et al., 1986;
Ladinsky et al., 1994). As shown in Movie 7 (Figure 7),
these structures may also play a role in Golgi to ER

Figure 4 (cont).
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Figure 6. Movie 6 shows traffic between Golgi stacks.

retrograde traffic. KDEL-R, which is known to consti-
tutively cycle between the ER and Golgi complex (Pel-
ham, 1991), was imaged with a confocal microscope in
HeLa cells expressing a GFP tagged version of this
molecule (KDEL-R-GFP). Note that in addition to la-
beling Golgi membranes, KDEL-R-GFP was found in
membrane tubules that extended out from the Golgi
complex. After forming, the tubules often broke off
from the Golgi and moved at rates of 0.6 um/s along

curvilinear tracks to the cell periphery. Microtubules
were required for the peripheral movement of Golgi
tubules, suggesting that a plus end-directed motor
was associated with their surface (Sciaky et al., 1997).
After detaching from the Golgi complex and moving
to the cell periphery, Golgi tubules containing KDEL-
R-GFP often disappeared from view (possibly fusing
with the ER, which extends throughout the cyto-
plasm). Consistent with this possibility, KDEL-R-GFP

Figure 7. Movie 7 depicts Golgi tubule traffic: potential vehicles for Golgi-to-ER retrograde traffic.
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Figure 8. Movie 8 shows the effects of BFA on Golgi morphology
and dynamics.

was never found on the plasma membrane but only in
Golgi, ER, and tubule structures. Golgi tubules may
therefore represent retrograde transport intermedi-
ates, whose role is to recycle membrane back to the
peripheral ER system. The molecular basis and regu-
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lation of Golgi tubule budding and scission remains to
be addressed.

Movie 8: Effects of Brefeldin A (BFA) on Golgi
Morphology and Dynamics

Golgi tubules are known to mediate retrograde mem-
brane traffic in cells treated with BFA, a drug that
prevents assembly of cytosolic coat proteins onto
Golgi membranes. As shown in Movie 8A (Figure 8A),
Golgi tubules resembling those of untreated cells are
observed in BFA-treated cells, but they formed at a
more rapid rate. Moreover, the tubules failed to detach
from Golgi structures. This led to the formation of a
dynamic Golgi tubule network within 5-8 min of
adding the drug. When one or more of the Golgi
tubules fused with the ER, Golgi membranes redistrib-
uted rapidly into the ER, leaving no Golgi structure
behind. The fact that Golgi membranes redistributed
unidirectionally into the ER (and not ER membrane
into the Golgi) during BFA treatment suggests that the
ER provides a lower free energy environment for
membrane proteins and lipids than the Golgi system.

The sequences in Movie 8A are of GalTase-GFP in
HeLa cells. They were acquired at 3-s time intervals on
a cooled charge-coupled device microscope. Note that
Golgi protein redistribution into the ER occurred
within 30 s after fusion of Golgi with ER. The speed of
this redistribution has been shown by Sciaky et al.
(1997) to be too fast to be explained by simple protein
diffusion. Instead, these authors suggest it is driven by
a membrane tension-driven membrane flow (Bloom et
al., 1991) that arises from chemical potential or free
energy differences between ER and Golgi membranes.
This leads to unidirectional protein transport when ER
and Golgi membranes fuse during BFA treatment.

A dramatic illustration of unidirectional membrane
flow from Golgi into the ER in BFA-treated cells is
shown in Movie 8B (Figure 8B). In this experiment
cells were treated with nocodazole before addition of
BFA. Note that upon addition of BFA to the cells no
Golgi tubules formed, since microtubules are required
for peripheral extension and movement of tubules.
Nevertheless, the time for Golgi redistribution into the
ER was extremely rapid once Golgi and ER mem-
branes fused. This suggests that extension of Golgi
tubules along microtubules serves only to increase the
probability of fusion between Golgi and ER mem-
branes. Once fusion between these two organelles
takes place (which can occur in the absence of Golgi
tubule extension, because ER membranes are distrib-
uted through the cell), the Golgi rapidly and com-
pletely empties into the ER.

The chemical basis for the free energy difference
between ER and Golgi membranes that underlies
unidirectional absorption of Golgi into the ER dur-
ing BFA treatment is unknown. An interesting pos-
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Figure 9. Movie 9 depicts remodeling of the Golgi complex in response to microtubule depolymerization.

sibility is that the work required to “pump” Golgi-
destined components up in energy is supplied by
the peripheral “coat” system, which concentrates
and packages proteins exported from the ER (Balch
et al., 1994; Schekman and Orci, 1996). The fact that
an immediate target of BFA is ADP ribosylation
factor, which in physical terms is an energy-driven
assembly transport system for supplying COPI to
membranes (Donaldson et al., 1992; Rothman and
Wieland, 1996), is consistent with this idea. When
nucleotide exchange onto ADP ribosylation factor is
inhibited by BFA, COP I proteins are quickly de-
pleted from Golgi membranes. As shown in Movie
8A, Golgi tubules proliferate and become longer in
response. They also do not so readily detach from
the Golgi complex. Ultimately, fusion with the ER
occurs and Golgi membrane quickly empties into
the ER. These findings suggest that one function of
COP I is to maintain the integrity of the Golgi
complex, possibly by severing potential links to

1624

other organelles. Future work needs to address the
mechanisms that regulate Golgi tubule formation
and detachment from the Golgi complex and how
free energy differences between the ER and Golgi
complex arise.

Mowvie 9: Remodeling of the Golgi Complex in
Response to Microtubule Depolymerization

The normal distribution of Golgi membranes within
cells appears to represent a dynamic balance of for-
ward and recycling pathways connecting with the ER.
Thus, inhibition of forward traffic into the Golgi com-
plex without a corresponding effect on recycling typ-
ically leads to redistribution of Golgi material to the
site of perturbation. Fragmentation of the Golgi com-
plex in nocodazole-treated cells is a good example of
this phenomenon. Microtubule disruption by nocoda-
zole is known to block the inward translocation of
pre-Golgi intermediates along microtubules (see

Molecular Biology of the Cell



Movie 3) without significant effects on Golgi to ER
traffic (Saraste and Svensson, 1991; Cole et al., 1996a).
Because Golgi enzymes constitutively cycle between
the ER and Golgi complex via these forward and
reverse pathways (Cole ef al., 1998), they accumulate
at ER exit sites when forward trafficking along micro-
tubules is inhibited (Cole et al., 1996a; Yang and Stor-
rie, 1998). This leads to rebuilding of Golgi stacks at
ER exit sites and results in the formation of hundreds
of Golgi fragments distributed through the cell (Cole
et al., 1996, Burkhardt, 1998; Storrie and Yang, 1998).
Movie 9 (Figure 9) (images collected at 1-min intervals
on a confocal microscope) shows this process in HelLa
cells expressing GalTase-GFP. Note that small Golgi
fragments are generated at significant distances from
the central Golgi region within 15 min after nocoda-
zole treatment. These fragments do not move in any
directed fashion after their formation and resemble the
fragments containing VSVG-GFP in nocodazole-
treated cells shifted from 40 to 32°C. The exact mech-
anism for redistribution of Golgi enzymes to fragment
sites is still under debate (e.g., recycling through the
ER or vesicle transport through the cytoplasm) (Cole et
al., 1996a; Burkhardt, 1998; Sima et al., 1998; Storrie
and Yang, 1998). Nevertheless, these observations in-
dicate the Golgi complex is capable of de novo regen-
eration at ER exit sites and imply a fundamental rela-
tionship between pre-Golgi structures and the Golgi
complex.
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