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Abstract. The Golgi apparatus is a dynamic organdie 
whose structure is sensitive to vesicular traffic and to 
cell cycle control. We have examined the potential role 
for mbla, a GTPase previously associated with ER to 
Golgi and intra-Golgi transport, 'in the formation and 
maintenance of Golgi structure. Bacterially expressed, 
recombinant rabla protein was mieroinjected into rat 
embryonic fibroblasts, followed by analysis of Golgi 
morphology by fluorescence and electron microscopy. 
Three recombinant proteins were tested: wild-type rab, 
mutant rabla(S25N), a constitutively GDP-botmd form 
(Nuoffer, C., H. W. Davidson, J. Matteson, J. Mein- 
koth, and W. E. Balch, 1994. J. Cell Biol. 125: 
225-237), and mutant rabla(N124I) defective in 
guanine nucleotide binding. Microinjection of wild- 
type rabla protein or a variety of negative controls (in- 
jection buffer alone or activated ras protein) did not 
affect the appearance of the Golgi, as visualized by 
immunofluorescence of a-mannosidase II (Man 1I), 
used as a Golgi marker. In contrast, mieroinjection of 
the mutant forms promoted the disassembly of the 

Golgi stacks into dispersed vesicular structures visual- 
ized by immunofluorescence. When S25N-injected 
cells were analyzed by EM after immunoperoxidase 
labeling, Man II was found in isolated ministacks and 
large vesicular elements that were often surrounded by 
numerous smaller unlabeled vesicles resembling car- 
rier vesicles. Golgi disassembly caused by rabia mu- 
tants differs from BFA-induced disruption, since 
B-COP remains membrane associated, and Man II 
does not redistribute to the ER. BFA can still cause 
these residual Golgi elements to fuse and disperse, al- 
beit at a slower rate. Moreover, BFA recovery is in- 
complete in the presence of rabl mutants or GTPTS. 
We conclude that GTP exchange and hydrolysis by 
GTPases, specifically rabla, are required to form and 
maintain normal Golgi stacks. The similarity of Golgi 
disassembly seen with rabla mutants to that occurring 
during mitosis, may point to a molecular basis involv- 
ing rabla for fragmentation of the Golgi apparatus 
during cell division. 

T H~ Golgi apparatus is an exceptionally dynamic or- 
ganelle which at any one time contains abundant 
newly synthesized membrane and secretory proteins 

en route to the cell surface and to other cellular organelles 
(23). In most cells, the Golgi apparatus resembles a stack of 
flattened discs that form an extensive intercalated network. 
This organization is partially dismantled in cells which are 
treated with microtubule-depolymerizing agents such as 
nocodozol, colchicine, or vinblastine (33) and is disassem- 
bled to vesicular elements when cells enter mitosis (60). 
Rapid disassembly of the Golgi apparatus is also seen after 
cells are exposed to the lipophilic fungal toxin, brefeldin A 
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(BFA).t In many cell types, BFA causes the fusion of so- 
called "homotypic" membranes which is assumed to be due 
to a loss of vesicular coat proteins (32, 64). The latter in- 
clude the coatomer protein/3-COP implicated in ER to Golgi 
as well as intra-Golgi trafficking (21) and 7-adaptin and 
clathrin (47), involved in traffic from the trans-Golgi net- 
work to endosomes and/or lysosomes. 

It is now recognized that the rab and ARF family of 
GTPases regulate intracellular trafficking through both the 
exocytic and endocytic pathways. In particular, the rab fam- 
ily of proteins has now grown to over 25 members (39). A 
combination of genetic, biochemical, and immunolocaliza- 
tion evidence suggests that these small GTPases mediate 

1. Abbreviations used in this paper: BFA, brefeldin A; GEP, guanine 
nucleotide ezchanom¢ protein; Man II, a-mannosidase IT; NRK, normal rat 
kidney; RT, room temperature; VSV-G, vesicular stomatitus virus glyco- 
protein. 
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different aspects of vesicle budding, targeting, and/or fusion 
at specific sites in the cell's complex ~highway" system (4, 
26, 46). 

Analysis of the function of members of the rab family has 
benefited from the extensive mutational studies of cellular 
ras which identified point mutations that limit the ability of 
mutated ms protein tO assume different conformations 
brought about by exchange of GTP for GDP, or those that 
lower the intrinsic rate of hydrolysis of GTP which returns 
a protein to a GDP-bound state (6). Rab proteins are pro- 
posed to confer directionality and/or specificity to transport 
vesicle function through their role as molecular switches to 
control the vectorial interaction of components involved in 
budding, targeting, and fusion. The necessity for cycling of 
rab and other GTI'ases involved in vesicular traffic is under- 
scored by the sensitivity of many vesicular transport steps to 
the introduction of nonhydrolyzable analogues of GTP into 
cell-free or permeabilized cell transport assays (8, 41). In 
particular, mutational analysis of closely related rabla and 
rablb proteins (14, 45) and ARF1 (13) strongly implicate 
them in control of trafficking events from the ER to the Golgi 
apparatus and between early Golgi compartments (14, 
42, 45). 

To understand the role of the Golgi complex in the secre- 
tory pathway it is important to define the relationships be- 
tween its structure and vesicular traffic. In this study we ex- 
plore the possibility that rabia protein is not only actively 
involved in anterograde vesicular traffic, but also is critical 
for maintaining the structural integrity of the Golgi appara- 
tus. This work follows the observations that BFA may inhibit 
the guanine nucleotide exchange protein that is critical for 
recruitment and/or maintenance of ARF on Golgi mem- 
branes (17, 28), and that GTP~,S (which targets all guanine 
nucleotide binding proteins) and A1F4- (believed to target 
heterotrimeric G proteins [31]) interfere with Golgi appara- 
tus disassembly after exposure to BFA (18, 34, 53). 

To avoid the use of these general reagents, we take a more 
direct molecular approach using mutants of the rabl protein 
defective in guanine nucleotide exchange to explore the 
specific role of rabl in this process. We find that microinjec- 
tion of selected mutant rabl proteins directly into living cells 
triggers the complete disassembly of the Golgi stack without 
a BFA-like collapse into the ER. Thus we observed that ex- 
tensive vesicle budding occurs in the presence of rabl mu- 
tants with an apparent absence of downstream fusion. 
Nevertheless, distinctive Golgi elements persist, suggesting 
they represent a possible template for assembly of the Golgi 
stack. Our findings indicate that normal function of rabl in 
control of vesicular traffic is essential for the integrity of the 
Golgi stack. Furthermore, multiple interactive GTPases are 
critical for this process since rabl mutants markedly inhibit 
the disassembly of the Golgi apparatus by BFA. The relation- 
ship of these results to the molecular basis for fragmentation 
of the Golgi apparatus during mitosis is discussed. 

Materials and Methods 

Cell Culture 
REF-52 cells were cultured in DME (University of California at San Diego 
[UCSD] core facility, San Diego, CA) supplemented with 10% fetal bovine 
serum (GIBCO BILL, Galthersburg, MD), 2 mM L-glutamine, penicillin 

(100 U/mi), and streptomym sulfate (100 ~g/mi). Cells were pessaged 
twice per week, using br id  trypsin digestion (ATV solution; UCSD core 
facility), and were maintained at 37°C in a 95% air, 5% CO2 atmosphere. 
For micruinjection experiments, cells were grown for 2-3 d on 12-ram cir- 
colar glass coverslips (Fisher, Pittsburgh, PA) or in 35-mm plastic dishes 
(Costar Corp., Cambridge, MA). Both slips and dishes were scored with 
a diamond knife to mark a small circular or rectangular area for injection. 

Immunoreafents 
The specificity and characteristics of rabbit antisera to the catalytic domain 
of the Goigi-specific enzyme, a manr~sidase IT (Man ID, were previously 
described (57). Mouse Man II antibodies were prepared from aacites in- 
duced with 5CF3 bybridoma cells as described by Burke et al. (12). Rabbit 
antisera to a peptide derived from B-COP was also prepared in this labora- 
tory by Dr. Linda C. Hendricks using as immunogen the original EAGE 
sequence reported by Duden et al. (21), synthesized as a multiple antigenic 
peptide (52) (UCSD Center for Molecular Genetics Core Facility). Second- 
ary antibodies were obtained from the followin8 sources: FITC-conjugated 
goat anti-rabbit F(ab')2 and anti-mouso IgG from Zymed Labs. Inc. (S. 
San Francisco, CA); Texas red-conjugated donkey anti-rabbit, rhodamine- 
conjugated goat anti-mouse, and AMCA-conjugated goat anti-guince pig 
IgG as well as affinity-purified guinea pig IsG , used as an injection marker, 
were from Jackson lmmunoR~search Labs. Inc. (West Grove, PA). Fab 
fragments of goat anti-rabbit IgG conjugated to HRP were from Biosys 
(Compi6gne, France). 

Prepamffon of Recombinant rabl Protein 
The purification of histidine-ta88ed canine rabla, rabla(N1241), and 
rabla(S25N) protein from Escherichia coil cell lysates is described in detail 
elsewhere (42, 45). For these experiments, rabla wild-type or mutant pro- 
teins were concentrated by ultrafiltrafion to a final concentration of 
",0.3-0.5 mg/ml and stored in aliquots at -70°C. 

Microinjection 
In each experiment, 50-150 cells were injected with GTPTS (0.5-5 raM) 
or recombinant rabl protein in injection buffer (10 mM sodium phosphate, 
pH 7.4, 100 mM KCI or 25 mM Hepes-KOH, pH 7.2, 125 mM KOAc). 
Injection solutions also contained afliuity-purified guinea pig IgG (2 ms/mi) 
or BSA-colloidal gold (1.5 mM) to serve as a marker for injected cells for 
fluorescence and electron microscopy experiments, respectively. These 
concentrations were diluted ,~10-20-fold by injection into the ceil cyto- 
plasm. Colloidal gold concentrations were estimated by absorption at 520 
nm (7). In some cases the cells were pretreated with 1.25 /tg/mi BFA 
(Epicentre Technologies, Madison, WI) at 37°C for 30 rain befor~ injection. 
Alternatively, cells were injected and incubated at 37°C for specific inter- 
vals, followed by incubation with BFA for the times indicated. Incubations 
were terminated by immediate addition of fixative for either fluureseence 
or electron microscopy. 

Microscopy 
For analysis by immunofluorescence microscoFy, cells were fixed for 30 
min at room temperature (RT) with 2 % paraformaldehyde in 0.075 M phos- 
phate buffer (pH. 7.4), permeabilized for l0 rain with 0.01% Triton X-100 
in PBS, processed with appropriate primary and fluurophore-tagged sec- 
ondary antibodies, and mounted in Vectashield medium (Vector Labs, 
Burlington, CA). The ceils were observed and photographed with a 100× 
(1.3 numerical aperture) oil-immersion lens on a Zeias Axiophot micro- 
scope equipped for fluorescence microscopy (Carl Zeiss, Inc., Thorn- 
w~x,d, NY). 

For immunoperoxidase labeling, cells were fixed in 2% paraformalde- 
hyde, 75 mM lysine 10 mM periodatefltative for 4 h at RT or 3% formalde- 
hyde, 0.5% glutaraldehyde in 0.1 M phosphate buffer,for I h at RT. Fixed 
cells were permeabilized with 0.1% saponin in PBS/1% BSA and sequen- 
tially incubated with primary antibodies to Man H; followed by HRP- 
conjugated secondary antibodies diluted in PBS/1% BSA containing 0.1% 
saponin. The ceils were washed in 0.1 M cacodylate-HCl, pH 7.4, 7.5 % su- 
crose, followed by postfixation with 4% glutaraldehyde in 0.1 M cacodyl- 
ate-HC1 buffer for 1 h, incubation in dlaminobengidin¢, and postfkgation 
in 0.1 M cacodylate buffer containinff 1% reduced OsO4, 1% KFeCN as 
described (10). Cells were dehydrated and embedded in epon directly on 
the plates. The scored areas were then cut from the dish and sectioned on 
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Figure L Man II localizes to middle Golgi cisternae in REF-52 cells 
and redistributes to the ER after BFA. Indirect immunofluores- 
cence of Man II showing its Golgi localization in normal rat em- 
bryonic fibroblasts (A) and its dispersal following 30 rain exposure 
to BFA (B). By immunoperoxidase, Man H is predominantly found 
in middle Golgi cisternae (G) in untreated cells (C, arrows). After 
30 rain in BFA, Man II is redistributed to the ER (D, arrows). Man 

a Reichert URracut E ultramicrotome. Sections were stained with lead ni- 
trate. Micrographs were taken on either a Philips CM 10 (Philips Sci., Mah- 
walt, NJ) or JEOL 1200EX-II electron microscope (JEOL USA, Pea- 
body, MA). 

Results 

~-Mannosidase H as a Golgi Structural Marker 

Previous studies have established that the Golgi enzyme Man 
II, varies in its distribution across Golgi cisternae and that 
this distribution is specific to the cell type examined (57). To 
establish its utility in the current studies as a marker for 
Golgi integrity, we first determined Man II distribution in 
REF-52 rat embryonic fibroblasts, the principal target cells 
for microinjection in this study. REF-52 ceils have an 
elaborate Golgi apparatus, as shown by the fluorescence sig- 
nal obtained using anti-Man II antibodies (Fig. 1 A). When 
examined by immunoelectron microscopy using HRP-conju- 
gated secondary antibodies and standard staining proce- 
dures, we found Man II to be concentrated in the middle one 
or two cisternae of REF-52 cells (Fig. 1 C). It could occa- 
sionally be detected in adjacent cis and tram cisternae (not 
shown). 

Rabla Mutants  Al ter  Golgi Structure in the Absence 
o f  B FA 

Given the critical role of rabla in ER to Golgi (55) and intra- 
Golgi (14) transport, we examined its possible role in the or- 
ganization of the Golgi stack. For these experiments, recom- 
binant wild-type and mutant rabla proteins were isolated 
from bacterial lysates after expression in E. coll. Nucleo- 
tide-binding properties of rabla proteins purified in this man- 
ner are described elsewhere (42, 45). Two mutants were 
tested in our microinjection assay system. The first, 
rabla(S25N), is analogous to H-ras(S17N) which has a 
preferential affinity for GDP (24, 42) and in the case of H-ras 
is growth inhibitory due to its sequestration of the ras- 
specific guanine nucleotide exchange protein (22, 24). The 
second mutant, rabla(N124I) fails to bind either GDP or 
GTP at detectable levels in vitro, sinailar to the analogous 
transforming H-ras(Nll6D mutant (45, 58). These bacteri- 
ally expressed rab proteins lack posttranslational modifica- 
t ions-such as prenylation, acylation or methylafion-which 
are normally a prerequisite for the functional association of 
ras-related proteins with membranes (37). The microinjec- 
fion protocol avoids these problems, since the recombinant 
proteins are expected to be appropriately modified by endog- 
enous enzymes after microinjecfion. It has recently been 
shown that the rabla(S25N) mutant is inhibitory only after 
prenylation (42). 

REF-52 cells were microinjected directly into the cyto- 
plasm with wild-type rabla or one of two mutants, N124I or 
$25N, at a concentration Of 0.3-0.5 mg/ml. Injection solu- 
tions were routinely supplemented with 2 mg/ml affu)i ~-  
purified guinea pig IgG in order to positively identify the ~n- 
jected ceils via immunofluorescence microscopy. The ceils 

II is also occasionally detected in a few scattered vesicular struc- 
tures in BFA-treated cells (D, arrowheads). Bars: (A and B) 4/~m; 
(C and D) 0.05 ~m. 
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were then incubated for up to 1.5 h to allow sufficient time 
for cellular enzymes to posttranslationally modify the re- 
combinant proteins and to achieve a new steady state distri- 
bution, and then fixed and processed for immunofluores- 
cence microscopy to assess effects on Golgi structure. 
Microinjection of wild-type rabla had no effect upon Golgi 
structure (not shown). Other controls which had no effect on 
Golgi structure included injection buffer alone and activated 
ras protein (data not shown). 

In contrast to the lack of effects by microinjection of the 
wild-type rabla or ras proteins, microinjection of the $25N 
or N124I mutants caused a dramatic breakup of the Golgi ap- 
paratus within 1.5 h after injection. These results are 
documented in Fig. 2, A-D, where photographic pairs show 
the double staining technique used to unequivocally identify 
injected cells (Fig. 2, A and C) and Golgi structure (Fig. 2, 
B and D) in injected and noninjected cells. To explore the 
effect of the GDP-bound $25N mutant in more detail, we ex- 
amined the Golgi organization in microinjected cells by elec- 
tron microscopy. Cells to be injected were first targeted 
within a small circle or rectangle scored on the bottom of 

a 35-mm plastic dish using a ~ n d  pen. The in'je~'on so- 
lution was supplemented wi~  1,5 mM BSA-colloidal gold 
(12 nm) to serve as a marker for injected cells in ultrathln 
sections (25). ARer fixation and processing for imm~oper- 
oxidase localization of Man lI, the scored region was excised 
from the dish, embedded, and sectioned for transmission 
electron microscopy. In some cases, the colloidal gold was 
omitted, but all ceils within the scored area of the dish were 
injected to ensure ~ s e c t i o u s  through the region contained 
predominantly~.inj~ cells. At the electron microscope 
level, the dispersed Golgi resembled dilated ministacks, 
short, isolated cisternal elements, or large (200-300 nm) 
vesicles (Fig. 3, A-D). In REF-52 cells these altered C-olgi 
structures were often clustered and stained heavily with per- 
oxidase reaction product, indicating the presence of the 
Golgi enzyme Man rl. Numerous smaller (40-80 rim) vesic- 
trim" carriers (Fig. 3 C, V) which did not stain for the pres- 
ence of the Golgi enzyme were often in the near vicinity. 

The role of these two rabl mutants has been explored ex- 
tensively in normal rat kidney (NRK) cells where, in the case 
of the rabla(S25N) mutant, there was a striking correlation 

l~gure 2. Micrulnjection of rabla mutants causes vesiculation of the Golgi apparatus. REF-52 cells were injected with recombinant rabla 
mutants, N124I (A and B) or $25N (C and D) and guinea pig IgG, incubated at 37°C for 90 rain, and subsequently fixed for double im- 
munofluorescence staining. Coversfips were processed with polyclonal anti-Man II antiserum (1:800), followed by F1TC-conjugated goat 
anti-rabbit secondary antibody and AMCA-conjugated goat anti-guinea pig IgG. Microinjection of both mutants (asterisks) resulted in 
a redistribution of Man II (B and D) into many vesicular structures scattered away from the perinuclear region of the cell. A noninjected 
cell (B, arrow) shows the normal Golgi appearance. Guinea pig IgG (2 mg/ml) diffuses in the cytosol and serves as a marker for microin- 
jeered cells (A and C). Bars, 4/~m. 
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Figure 3. Man H is found in dispersed Golgi elements in rabla(S25N)-injected REF-52 fibroblasts. Injection solutions containing 
rabla(S25N) were supplemented with 12 nm colloidal gold coupled to BSA (1.5/~M), and injected cells were incubated for 90 rain at 
37°C before fixation for immtmoperoxidase localization of Man I1. Man II staining is found in clusters of ~Golgi elements ~ (G, arrows) 
scattered throughout the cytoplasm. Clusters of smaller (40-80 nm), unstained vesicles can also be seen in close proximity to some of 
the Golgi elements (V in C). Refer to Fig. 1 C for the normal Golgi appearance and Man 1I distribution in REF-52 cells. Arrowheads 
point to colloidal gold used as a marker for injected cells. Bar, 0.1 ~tm. 
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between loss of transport function and apparent disappear- 
ance of the Golgi stack by immunofluoreacence (42). When 
NRK cells were examined at the EM level after microinjec- 
tion of the $25N mutant, the findings were similar to those 
in REF-52 cells except that we found a more extensive disas- 
sembly of the Golgi. Widely dispersed Golgi remnants com- 
posed of vesicular structures 50--300 nm in diameter con- 
taining Man H peroxidase reaction product (Fig. 4, A and B, 

arrows) were accompanied by an extensive profusion of 
small 40-80-rim vesicles, many of which lacked reaction 
product. The normal distribution of Man H in NRK Golgi 
is shown for comparison (Fig. 4 C). The presence of gold 
particles confirmed that cells were injected with the mutant 
rabla(S25N): Disruption of the Golgi stack was detectable 
within 30 rain after injection of mutant rabla, and it persisted 
up to 6 h. This is in contrast to REF-52 cells in which 50 % 

Figure 4. Dispersal of Golgi apparatus in rabla(S25N)-injeeted NRK cells (prepared as in Fig. 3). (A and 8) At 1.5 h after S25N injection 
into NRK cells Man II-containing structures (arrows) were typically smaller (50-100 nm in diameter) than in REF-52 cells and were not 
recogniTably stacked (G, arrows). A large number of vesicles resembling carrier vesicles (V) with little or no peroxidase reaction product 
were consistently seen in the vicinity. (C) Normal Golgi distribution of Man II in noninjected NRK cells is shown for comparison. Gc, 
Golgi complex; n, nucleus. Bars, 0.1 #m. 
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of the mieroinjected cells began to rexxwer normal Golgi 
structure by 3 h after injection. The difference in sensitivity 
of the two cell types is probably due to the fact that NRK 
cells have ,,ol/10 the volume of REF-52 cells. Thus, the rate 
and extent of disassembly appears to be proportional to the 
fractional ratio of the injected rabla(S25N) mutant relative 
to the endogenous rabl pool. This is consistent with the com- 
petitive nature of its inhibition as demonstrated in experi- 
ments where the Golgi was protected when equal amounts 
of wild-type and mutant rab were injected (not shown). Al- 
ternatively, it could be explained by differences in the degra- 
dation rates of mutant protein to endogenous rab. In no ease 
could the Man II peroxidase reaction product be detected in 
the ER of either cell line, indicating that the mutant protein 
was not inducing a BFA-like phenotype. This is consistent 
with the finding that newly synthesized VSV-G protein fails 
to be processed to Golgi forms in the presence of the $25N 
mutant (42). 

Both the Dispersal of the Goigi with BFA 
and Its Reassembly after BFA Washout Are 
GTP.dependent Processes 
To compare the disassembly of the Golgi induced by rabl 
mutants to that caused by BFA, a putative inhibitor of an 
ARF-specific GDP exchange protein (GEP) that triggers col- 
lapse of Golgi elements to the ER (17, 28), we examined the 
effects of BFA on Golgi integrity in REF-52 cells. As de- 
scribed for many (but not all) cell types (30, 32, 56), the ap- 
plication of BFA (1.25/~g/ml) to REF-52 ceils results in rapid 
dispersal of Golgi membranes and redistribution of Golgi 
resident enzymes to isolated vesicles and to the ER. This 
process is complete within 20-30 rain after the addition of 
BFA, as visualized by a nuclear envelope and diffuse cyto- 
plasmic immunoffuorescence signal for Man 1I (Fig. 1 B). 
This was also documented by the detection of Man II- 
immunoperoxidase reaction product in the rough ER and 
vesicular structures by immunoelectron microscopy (Fig. 1 
D). The effects of BFA are rapidly reversible, and the Golgi 
completely reassembles within I h after addition of BFA-free 
media (see below). 

While the disassembly of BFA-treated Golgi is inhibited by 
the nonhydrolyzable guanine nucleotide analog GTP'yS in 
permeabilized cells (20, 53), this has not been demonstrated 
in vivo. To determine the .extent to which GTPases control 
BFA-induced Golgi disassembly and reassembly, we intro- 
duced GTP'tS into the cytoplasm of REF-52 cells via 
microinjection. Injection of GTP'yS in the absence of BFA 
failed to dramatically alter the Golgi apparatus, as visualized 
30 min after injection by immunofluorescence staining for 
Man II (not shown). However, microinjection of GTP~/S 
10-15 min before the addition Of BFA to the media inhibited 
the BFA-induced dispersal of the Golgi (data not shown). 
Effective concentrations of GTP-tS in the injection pipette 
were 0.5-5 mM. Assuming that injection solutions are 
diluted 10-20-fold in the cell cytoplasm (43) this indicates 
that GTP'yS need not be in large excess over endogenous 
guanine nucleotide (estimated at 0.1-0.5 mM) to be an effec- 
tive reagent in the intact cell. 

We also found that the recovery of the Golgi apparatus af- 
ter removal of BFA is profoundly affected by the presence of 
GTP'yS. For these experiments, REF-52 cells were pre- 
treated at 37°C with BFA for 30 min and subsequently in- 

jected with 0.5 mM GTPTS. After a short (10--15 rain) incu- 
bation at 37"C, the ceils were washed free of BFA and 
incubated for 1 h to allow Golgi apparatus reassembly. In 
control cells (outside the injection circle) the Golgi appara- 
tus reformed to its normal appearance, as seen by the fluores- 
cence signal using anti-Man II antibodies. However, in 
GTPTS-injected cells Man 11 was dispersed in a dotlike pat- 
tern (not shown) suggesting that this Golgi enzyme is ar- 
rested in vesicular intermediates that exit the ER, but fail to 
organize into typical Golgi cisternae. From these results we 
conclude that both disassembly and reassembly of the Golgi 
complex following BFA treatment are dependent upon 
GTPases. 

Golgi Elements Dispersed by the rabla(S25N) Have a 
Delayed Response to BFA 
Since both rabla mutants and BFA caused disorganiTation of 
the Golgi apparatus, we wondered if the two mechanisms 
share a common or interactive pathway. To answer this ques- 
tion, REF-52 cells were injected with the $25N mutant and 
incubated for 1.5 h at 37"C to allow for the previously ob- 
served dispersal into isolated Golgi elements. We then sup- 
plemented the media with BFA and fixed the cells at intervals 
of 10, 20, and 30 rain following exposure to the fungal 
metabolite. Nonlnjected ceils on the same eoverslips served 
as controls for the BFA effect (shown in Fig. 1, C and D). 
At 10 rain after BFA addition Golgi dispersal was well ad- 
vanced in uninjected cells, and thin, tubular Golgi structures 
could be observed in only a few scattered cells (not shown). 
By contrast, 10 rain after BFA was added to S25N-injected 
cells, the isolated Golgi elements seemed to coalesce in the 
perinuclear region with a few fine tubular extensions (Fig. 
5 B). At 20 and 30 rain after BFA, when Golgi apparatus 
dispersal is complete in nonlnjected cells, in S25N-injected 
cells the Golgi marker was found in elaborate tubules or 
~3eads on a string" (Fig. 5 D) similar to those previously de- 
scribed by Lippincott-Schwartz et al. (36). In noninjected 
REF-52 cells, they were seen transiently at much earlier 
times (5-10 min) after BFA addition. In electron micro- 
graphs (Fig. 6, A-C) where immunoperoxidase reaction 
product identifies the presence of the Golgi marker, Man II 
(57), these tubules appeared to form by fusion of isolated 
Golgi elements. After BFA addition, they expanded dramati- 
cally over 20 rain (Fig. 6, D and F). Man II staining was also 
detected in large vesicular structures that were often far re- 
moved from the perinuclear area and likely to correspond to 
'~oeaded ~ vesicular carders or tubules which cross through 
the plane of section (Fig. 6 E). These results show that Golgi 
elements, previously dispersed by injection of mutant 
rabla(S25N), can still fuse and begin redistribution to the ER 
in response to BFA. However, this process is greatly delayed 
since Man II reaction product could not be detected in the 
ER as late as 30 rain after the addition of BFA. 

Microinjection of $25N Mutant Alters Reorganization 
of the Golgi Apparatus Following Recovery from BFA 
It was recently shown that the exit of newly synthesized viral 
protein out of the ER is blocked in the presence of the GDP- 
bound form of rahla, allowing only partial maturation of 
VSV-G from the ER form to pre-Golgi intermediates (42). 
We wondered if $25N would similarly block the movement 
of Golgi Man II from the ER (induced by exposure to BFA) 
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Figure 5. Golgi elements in S25N-injected fibroblasts rel~nain responsive to BFA but tabulation and redistribution is slowed. REF-52 cells 
were injected with $25N rab mutant and incubated for 1.5 h at 37°C. BFA was then added and the cells fixed 10 or 20 mln later and processed 
for immunofluorescence detection of guinea pig IgG (,4 and C) or Man II (B and D). All four cells in the figure (,4 and C, asterisks) 
stain positive for guinea pig IgG, used as marker for injected cells. (A and B) 10 min after BFA, Golgi elements coalesce and begin to 
extend fine tubules in S25N-injected cells. (Cand D) By 20 min after BFA, Man II staining persists in long, elaborate tubules in the S25N- 
injected cells (asterisks). By contrast, in noninjected cells on the same coverslips Man II had almost completely dispersed after 10 rain 
in BFA, and the process was complete at 20 min (not shown). Bars, 4 ~m. 

into a recognizable Golgi stack after removal of BFA. To in- 
vestigate this possibility, cells were first pretreated with BFA 
for 30 rain at 37°C, microinjected with the rabla(S25N) mu- 
tant, and then incubated in the continued presence of BFA 
for 1.5 h. BFA was then washed out, the media replaced and 
incubation continued for 1 h to allow for Golgi apparatus 
reassembly. As shown by immunofluorescence (Fig. 7 B, 
asterisks), in S25N-injected cells the reorganization of the 
Golgi apparatus after washout of BFA appeared to be ar- 
rested in vesicular structures that were similar to those seen 
in cells injected with $25N alone (compare to Fig. 2 D). This 

was confirmed by electron microscopy of injected cells (Fig. 
7 C), where Man II was again found in vesicles and 
mi~istacks that lack the typical flattened, stacked appear- 
ance of normal Golgi apparatus. Man II was not detected in 
the ER under these conditions. Similar results (not shown) 
were seen when N124I-injected cells were examined by im- 
munofluorescence for Man II after BFA washout. 

/3-COP Codistributes with Man H 
in S25N-injected Cells 

Loss of membrane association of the vesicular coat protein, 

Figure 6. Electron micrographs of S25N-injected fibroblasts show a progression of Golgi element fusion and tubulation in response to 
BFA. (A-C) S25N-injected REF-52 cells were processed for immunoperoxidase localization of Man II, 10 rain after addition of BFA. 
Isolated Golgi elements (G) are still present, but tabulation and fusion of these elements has begun (Gt). Small, unstained vesicles persist 
near some of the Golgi elements (It). Arrowheads in some of the photographs point to colloidal gold particles used to identify injected 
cells. In some cases, colloidal gold was found elsewhere in the same cell but was not present in the field shown. (D) Elaborate tubules 
are seen in S25N-injected cells processed for immunoperoxidase localization of Man II, 20 rain after BFA. (E) The injected cell shows 
Man lI localized in isolated tubules and vesicular structures. The latter may correspond to tubules in cross section or to the beaded structures 
seen by immunofluorescence (refer to 5 D). Bars, 0.1 ~m. 
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~-COP, is an exceptionally rapid event preceding the dissolu- 
tion of the Golgi apparatus with BFA (18, 19, 29). In con- 
trast, we found that the breakup of the Golgi apparatus which 
occurs after $25N microinjection is not accompanied by loss 
of B-COP from the dispersed Golgi elements. This finding 
is illustrated in Fig. 8, A-C, where microinjected cells were 
triple labeled for guinea pig IgG to mark injected cells, for 
B-COP (using rabbit IgG 2881), and for Man II (using a 
mouse monoclonal antibody, 5CFC3 [12]). In these micro- 
graphs, the fluorescence patterns for B-COP and Man H are 
nearly identical. Interestingly, we also found that the time 
course of B-COP loss from Golgi membranes in response to 
BFA was significantly retarded in S25N-injected cells. At 10 
min after BFA, B-COP was completely dispersed in the 
cytosol of control cells (not shown). In contrast, in the pres- 
ence of $25N, some of the Man H-containing structures still 
contained B-COP (Fig. 7, E and F) at the same time point. 
At 20 min after BFA, when the extensive tubular structures 
are seen in S25N-injected cells, ~COP was not detectable 
on membranes (not shown). Thus, the vesicular disassembly 
of the Golgi stack induced by the rabla(S25N) mutant im- 
mobilizes a significant fraction of B-COP to a vesicular pool 
which has a markedly reduced sensitivity to BFA. 

Discussion 

In the present study we have taken a molecular approach to 
identify, for the first time, a specific role for rabla protein in 
controlling the structural integrity of the Golgi stack. We ob- 
served that either the $25N or N124I mutant forms trigger 
Golgi disassembly. These two mutants differentially re- 
stricted the rabla protein into either the GDP-bound form 
($25N) or a conformation that has a high rate of guanine 
nucleotide exchange (N124I), thus disrupting the normal 
GDP/GTP cycle involved in the function of these proteins as 
molecular switches. 

Previously, both mutants were found to be potent inhibi- 
tors of ER to Golgi and intra-Golgi traffic (14, 42, 45). By 
analogy to the equivalent mutation in H-ras (S17N) (24), the 
rabla(S25N) mutant is likely to bind in a competitive fashion 
to a tab-specific GEP and prevent the normal function of this 
protein in promoting GDP/GTP exchange and recruitment of 
wild-type rabl (42, 44). In this case, the phenotype we ob- 
served is that the $25N mutant markedly reduced the extent 
of vesicle budding in vivo and in vitro (42). The H-ras(S17N) 
mutant remains unable to stimulate a downstream effector 
protein in vitro even upon binding of GTP3,S (22), implying 
that the rabl mutant may also be restricted to an inactive con- 
formation. Since vesicles still accumulate which are defi- 
cient in targeting/fusion, it is therefore likely that they contain 
the mutant rabla(S25N) which is incapable of undergoing a 
key conformation change(s) associated with GTP-binding re- 
quired to initiate these events (42). On the other hand, the 

N124I mutant is equivalent in principle to the oncogenic (ac- 
tivated) H-ras (Nl16I) mutant (58). While it has no measur- 
able effect on vesicle formation, it quantitatively inhibits 
vesicle targeting/fusion (45). The rabla(N124I) mutant is 
likely to noncompetitively bind to an effector critical for fu- 
sion competence (42, 45). Thus, the defects in the two mu- 
tant proteins reinforce the importance of conformational 
changes associated with either GTP binding or hydrolysis as 
being essential to promote the fusion of carrier vesicles to 
downstream acceptor compartments. 

Dismantling of the Golgi by Rabla Mutants Does Not 
Trigger a BFA-like Phenotype 

In this report we provide evidence that both the BFA-induced 
collapse of the Golgi apparatus and the reverse process, 
Golgi reassembly, are OTP-dependent in vivo. A surpris- 
ingiy large number of GTPases localize to the Golgi region, 
including beth small molecular weight G proteins (rabl, 
rab2, rabt, ARF, and rho) (27, 40, 48) and at least one mem- 
ber of the heterotrimeric G protein family (G~3) (50, 62, 
63). Many of these GTPases remain potential candidates for 
GTP'yS-sensitive retrograde movement of membranes to the 
ER as demonstrated in permeabilized cells (20, 55) and here 
in microinjected cells. That GTP-yS partially blocks re.as- 
sembly of the Golgi apparatus, seen by the presence of Man 
II in scattered vesicular structures, is consistent with the pro- 
posal by Alcalde et al. (1) that reconstruction of the Golgi 
apparatus from BFA-treated cells is a two step process in- 
volving reexport of Golgi-specific proteins from the ER fol- 
lowed by cisternal assembly. Our results imply that GTP hy- 
drolysis is specifically needed for cisternal assembly and 
Golgi stack organization. Since the rabla mutants also 
blocked Golgi assembly after BFA washout, GTP hydrolysis 
by rabl is at least one of the components involved in this 
process. 

It is has been proposed that BFA mediates Golgi disassem- 
bly through the inhibition of a specific GEP required for the 
recruitment of ARF (17, 28, 35). ARF is critical for the bind- 
ing of the B-COP-containing coatomer complex (16, 28) as 
well as a number of other peripherally associated Golgi pro- 
teins (35). In their absence, receptors and fusion-related 
factors-normally only operational in the context of a coated 
vesicle cycle-are exposed, triggering an extensive fusion of 
the ER and early Golgi compartments. In the presence of the 
rabla(S25N) or the rabla(N124I) mutants, we do not detect 
the redistribution of Man II to the ER either morphologically 
(shown here) or biochemically (42, 45). In contrast, recent 
evidence suggests that an ARF mutant (ARFI[T3 IN]) which 
is restricted to  a GDP-bound conformation 0ike the rabla- 
[$25N] mutant), triggers the collapse of the Golgi apparatus 
to the ER in a fashion which is virtually indistinguishable 
from that of BFA (13). Thus, by analogy with ras mutants 
the functional and morphological consequences of inhibiting 

Figure 7. Injection of mutant rabla(S25N) arrests Golgi recovery from BFA. REF-52 cells were treated for 30 min with BFA, which redistrib- 
utes the Golgi enzyme Man II to the ER, and then injected with $25N mutant rab protoin. After 90-min incubation, BFA was washed 
out, incubation continued for 1 h, and cells fixed for double-labeling immunoituorescence (A and B) or for immunoperoxidase (C) using 
Man H-specific antibodies. Noninjected cells (B, arrows) display a normal Golgi appearance, indicating full recovery from BFA. In S25N- 
injected cells, Man I1 was found in isolated Golgi elements (G) that were seen either by immunofluorescence (B, asterisks) or immunoelec- 
tron microscopy (C) to be similar to those in cells injected with $25N alone (refer to Figs. 3 and 4). Bars: (,4 and B) 2 ~m; (C) 0.1 ~m. 
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Figure 8. The ER-Golgi coatamer protein, t-COP, localizes to isolated Golgi elements in S25N-injected cells and slowly dissociates when 
BFA is added. Coverslips containin~ S25N-injected REF-52 cells were processed for triple-labeling immunottuorescence microscopy to 
identify (a) injected cells (using AMCA-conjugated antibodies to anti-guinea pig IgG); (b) distribution of/~-COP (using rabbit anti-/~-COP 
IgG, followed by FITC-conjugated antibodies to rabbit IgG); and (c) Man II distribution (using monoclonal antibodies to Man II, followed 
by Texas Red-conjugated antibodies to mouse IgG). In A-C, cells were fixed 90 rain after injection of mutant rab protein. A single cell 
(A, see IgG marker, asterisk) in this field is injected; E-COP (B) and Man II (C) show almost identical imunottuorescence patterns corre- 
sponding to dispersed Golgi elements (see Fig. 2). Arrows in B and C point to intact Golgi apparatus in noninjected cells. In D-F, cells 
were injected with $25N, incubated for 90 min and then exposed to BFA for 10 rain. All three cells in the field were injected (D, see 
IgG marker), and show persistent Golgi elements by anti-Man II immtmofluorescence (F). E-COP can still be seen to colocalize with 
a few of these structures (E, arrows). In noninjected cells in adjacent fields/3-COP IgG did not stain discrete structures after 10-rain ex- 
posure to BFA (not shown). Bars, 2.5 #m. 

ARF-GEP as opposed to rab-GEP are distinct. However, the 
fact that rabla(S25N) was found to dramatically reduce the 
tubulation and retrograde movement of Golgi membranes in 
response to BFA, is consistent with the notion that the rabla 
mutants may also mediate-directly or indirectly-assembly/ 
disassembly of ~COP--containing complexes from the Golgi 
complex (44). 

Mechanism of  Rabla Mutant Disassembly of  
the Golgi Stack 

How does the Golgi stack disassemble in the presence of ex- 
cess mutant rabla? One possibility is that Golgi stack disor- 
ganization may be a consequence of the progressive loss of 
membrane (from the combined effects of membrane exiting 
the Golgi apparatus in anterograde direction as well as mem- 

brane returning to the ER via the retrograde pathway) that 
fails to be replaced because the arrival of new membrane 
from the ER is blocked. If  this were the case, one would ex- 
pect a net loss of Golgi membranes. Although it is not techni- 
cally practical to perform morphometric measurements on 
microinjected cells due to sampling limitations, the exten- 
sive population of Golgi-derived remnant mini-cisternae and 
vesicles that accumulate in the cell intuitively argue against 
this point. 

A second and more likely possibility, given the impor- 
tance of rabl in intra-Golgi transport (14, 42), is that dis- 
mantling occurs as a direct consequence of ongoing vesicle 
budding which is subsequently deficient in fusion (42, 45). 
This interpretation is attractive because it would explain the 
following observations: (a) The coat protein t -COP remains 
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associated with the residual Golgi elements and vesicles 
which form in the presence of rabla(S25N), consistent with 
previous evidence that rabl and B-COP may function coor- 
dinately during vesicle assembly (44); (b) the dissociation of 
B-COP by BFA is delayed, and BFA-induced tabulation of the 
Golgi apparatus and the pursuant retrieval to the ER is 
greatly slowed. This would be predicted by the observations 
of Klausner et al. (32) that tubulation is constrained by the 
presence of coat proteins involved in vesicle budding; and (c) 
there is often an extensive accumulation of 40-60-nm carrier 
vesicles near the Man H-containing Golgi remnants in S25N- 
injected cells. These vesicles are reminiscent of the carrier 
vesicles seen at the periphery of the Golgi stack during nor- 
mal transport. They are particularly prominent in NRK cells 
microinjected with $25N which are expected to have a 
higher ratio of mutant to endogenous rabl. Furthermore, we 
found that Man II (previously redistributed to the ER by 
BFA) could apparently exit the ER in the presence of $25N 
mutant and accumulate in dispersed Golgi elements that ap- 
pear indistinguishable from those in cells injected with $25N 
alone. It is conceivable that Golgi resident proteins (includ- 
ing Man ID might be targeted to subdomains of the ER (tran- 
sitional elements) in the course of BFA treatment and begin 
to bud and assemble as soon as Golgi-specific peripheral 
proteins reassociate after BFA is washed out. 

It is intriguing that injection of either $25N (GDP-bound 
mutant) or N124I (guanine nucleotide-minus mutant) caused 
fragmentation of the Golgi stack, as assessed at the light mi- 
croscopic level. Studies are currently in progress to compare 
the effects of the N124I mutant with those of the $25N mu- 
tant in more detail at the EM level. However, in preliminary 
experiments analyzed by fluorescence microscopy, we found 
at least one distinct difference between the two mutants: as 
described in Fig. 5, A-D, injection of $25N prior to the addi- 
tion of BFA resulted in arrest of Golgi enzyme in extensive 
beads on a string. This distinctive morphology was not seen 
in N124I-injected mutants, although the Golgi apparatus of_ 
ten failed to completely redistribute to the ER after BFA was 
added as seen by a more compact juxtanuclear stain for Man 
II (data not shown), suggesting a critical role for a rabl effec- 
tor protein in this process. 

The Structural Organization o f  the Golgi S tack  

One of the most intriguing possibilities suggested in the pres- 
ent study comes from the observation that the stacked Golgi 
cisterna can be drastically reduced to vesicles and remnant 
structures. Remnant structures contain for the most part, the 
Man R marker protein. These Man H-containing Golgi ele- 
ments may represent the fundamental structural units that 
provide the template for reconstruction of individual Golgi 
compartments (30). The vesicular elements formed in the 
presence of the rabla(S25N) were apparently transport vesi- 
cles devoid of Man H. This interpretation, in turn, implies 
that a large fraction of the membrane associated with the 
Golgi stacks of mammalian cells is composed of lipid and 
protein in transit. This would also account for the extensive 
coat of transport-related components (~-COP, ARF, rabl, 
etc.) on the cisternae of the Golgi stack and would also ac- 
count, in part, for the effects of BFA upon removal of these 
coats. Thus, the extensive and variable architecture of the 
Golgi stack found in higher and lower eukaryotes reflects a 

dynamic equilibrium between the anterograde and retro- 
grade transport to and from individual compartments. These 
results may also provide an explanation for our recent obser- 
vations that export from the ER involves sorting and concen- 
tration, while transport through the Golgi compartments is 
nonselective (5). 

Our studies suggest that rabl plays a key role in modulating 
traffic through the stack by controlling the rate of vesicle tar- 
geting and fusion between compartments. These results are 
strikingly similar to the effect of rab5 in controlling the 
structure of the early endosome (11). Overexpression of a 
tab5 mutant (5Ile133) caused an accumulation of small tu- 
bules and vesicles at the periphery of the cells, apparently 
derived from early endosomes whose lateral fusion was im- 
paired. In contrast, overexpression of the wild-type protein 
led to a marked elaboration of the endosomal compartment. 
These results imply, that like traific control by rabl, the 
steady state morphology of early endosomes is also main- 
tained by a balance of vesicles entering and exiting this or- 
ganelle whose kinetics are controlled by the activity of a rab 
GTPase(s). 

What are the implications from the present studies on the 
inhibition of transport and fragmentation of the Golgi stack 
during mitosis7 During mitosis, intracellular transport is 
blocked (61), and the Golgi stack is fragmented (60). These 
events are controlled by the phosphorylation cascade trig- 
gered by activation of p34 ~k~ kinasc upon entry into mito- 
sis. Indeed, intra-Golgi transport in vitro can be directly in- 
hibited with p34 ~-2 kinase (51). In addition, it has been 
demonstrated that the phosphatase inhibitor okadaic acid in- 
duces Golgi apparatus fragmentation (2, 38, 54) and arrests 
ER to Golgi transport (15) in a manner similar to that ob- 
served during mitosis. The inactivation of phosphatases I 
and 2A by okadaic acid has been shown to activate p34 ~a 
kinase and trigger other events associated with mitosis (65). 
Alternatively, okadaic acid may indirectly activate other ki- 
nases whose activity is kept in check during interphase by 
phosphatases. 

The strong biochemical and morphological similarities 
between the inhibition by mutant rabl and onset of mitosis 
identifies at least one potential step which may be controlled 
by mitotic kinases. Interestingly, Warren (59) has previously 
proposed that the disassembly of the Golgi apparatus during 
mitosis may be due to an incomplete cycle in which vesicles 
can bud from the Golgi stack, but are incompetent in fusion. 
Our results provide support for, but do not prove, that this 
may be the case. Intriguingly, rabla was previously shown to 
be phosphorylated by p34 ~,~ kinase, and its membrane as- 
sociation slightly enhanced in mitotic HeLa cells (3). How- 
ever, we have been unable to obtain any further evidence 
relevant to this point from analysis of rabla mutants defective 
in phosphorylation (Davidson, H. W., and W. E. Balch, un- 
published observations). Any of the other transport compo- 
nents involved in vesicle targeting or fusion (9, 49) would 
also be expected to be excellent targets for phosphorylation 
control. 

Taken together, our observations support the concept that 
the overall organization of the Golgi apparatus at all stages 
of the cell cycle is largely maintained by components control- 
ling vesicular traffic. Rabla plays a critical role in this pro- 
cess, most likely via the regulation of coat components 
and/or vesicle fusion in both ER to Golgi and intra-Golgi 
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transport. It may also be either directly or indirectly critical 
for partitioning of the Golgi apparatus during cell division. 
If so, the process of preparation of the Golgi apparatus for 
cell division is, in principle, more a matter of reducing it to 
its basic structural elements, than physical fragmentation. 
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