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Abstract

The Golgi apparatus, which consists of stacks of cisternae during interphase, is fragmented or dispersed
Ž .throughout the cytoplasm at the onset of mitosis. A sea sponge metabolite, ilimaquinone IQ , causes Golgi

membranes to vesiculate. And after its removal, the vesiculated membranes reassemble into stacks of cisternae in the
perinuclear region. To study the mechanism of Golgi membrane dynamics during mitosis, we have reconstituted the
reassembly process of IQ-induced vesiculated Golgi membranes in streptolysin O-permeabilized Mardin]Darby

Ž .canine kidney MDCK cells. Monitoring the dynamics of Golgi membranes labeled with a green fluorescence
Ž .protein GFP -tagged protein, we dissected the process into two elementary components: the reassembly of

vesiculated Golgi membranes into punctate structures; and the subsequent reformation of these structures into
stacks of cisternae near the nucleus. Using morphometric analysis, we studied the kinetics and biochemical
requirements for the process, and revealed that an NEM-sensitive factor, cytoplasmic dynein, and GTP binding
protein were involved in the Golgi reassembly. Q 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

In mammalian cells, the Golgi apparatus shows
a dynamic conversion of its structure in response

U Corresponding author. Tel.: q81-564-55-7815; fax: q81-
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w xto the cell cycle 1,2 . In interphase, the Golgi
apparatus consists of stacks of cisternae and tubu-
lar structures, located at the pericentriolar posi-
tion. At the onset of mitosis, the Golgi compo-
nents disperse throughout the cell to be parti-
tioned into daughter cells. The dispersed Golgi
components in the vesicles begin to appear as

w xlarge vesicles at telophase 3,4 . After cytokinesis,
the stacks of cisternae are reformed near the
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nucleus. Recently, Lippincott-Schwartz and col-
leagues proposed the Golgi inheritance through
retrograde transport, where at the onset of mito-
sis the Golgi components relocate to the ER via
retrograde transport and at telophase budded

w xfrom the ER to reappear near the nucleus 5 .
Additional information would be required to
resolve the question how the Golgi complex is
inherited. Thus the molecular mechanisms by
which the Golgi membranes disperse and reform
along with the cell cycle have recently started to

w xbe elucidated 6,7 .
Malhotra and colleagues reconstituted the re-

assembly process of Golgi membranes dispersed
Ž .by the sea sponge metabolite, ilimaquinone IQ

w x8,9 . IQ causes the Golgi membrane to break
down into small vesicles of 50]60 nm in diameter

w xand inhibits vesicular transport from the ER 10 .
Upon removal of IQ, the vesiculated Golgi mem-
branes fuse, and subsequently reassemble into
stacks of cisternae, which are indistinguishable
from the intact Golgi morphologically and func-

w x Žtionally 9 . They treated NRK normal rat kid-
.ney cells with IQ to induce the disassembly of

the Golgi apparatus, then washed out the reagent
and permeabilized the cells by freeze]thaw. When
the permeabilized cells were incubated with
bovine brain cytosol and ATP-regenerating sys-
tem, the vesiculated Golgi membranes fused with
each other and formed larger punctate structures
throughout the cytoplasm. By using the assay,
they demonstrated that the vesiculated Golgi
membranes fused into large vesicles of 200 nm

Ždiameter in an NSF N-ethylmaleimide sensitive
.fusion protein -dependent manner and then these

vesicles further fused to form the cisternae in a
reaction catalyzed by an NSF-like ATPase, p97.
Warren and colleagues showed that both NSF
and p97 were required for the fusion of mitotic
Golgi fragments by using an in vitro reconstitu-

w xtion assay 11 . In their assay, isolated Golgi
membranes were fragmented by mitotic cytosol,
and the mitotic fragments were further incubated
with interphase cytosol to induce the cisternal
regrowth. Thus, these findings implied that com-
mon machinery is involved in both cases: re-
assembly of IQ-induced vesiculated Golgi mem-
branes and that of mitotic Golgi fragments.

Unfortunately, however, the final products of
fused Golgi membranes in Malhotra’s reconstitu-
tion system remained dispersed throughout the
cytoplasm. They supposed that microtubule in-
tegrity is essential for complete Golgi reassembly
in the pericentriolar region and their failure is

Ždue to the disorganization of microtubules net-
.works caused by their permeabilization proce-

dure.
In this paper, we demonstrate the complete

reconstitution of the reassembly process for IQ-
Žinduced vesiculated Golgi membranes hereafter

.described as Golgi reassembly in semi-intact
MDCK cells. In our study, semi-intact cells were
prepared by a two-step treatment using a bacte-

Ž .rial pore-forming toxin, streptolysin O SLO . By
this treatment, almost all of the cytosolic factors
are depleted but the structures of intracellular
organelles and cytoskeletons are unaffected. In
addition, we used a GFP-tagged Golgi-resident
membrane protein, mouse galactosyltransferase-

Ž .GFP GT-GFP , as a probe to monitor Golgi
morphology. Fluorescence microscopic observa-
tion revealed that the Golgi-reassembly can be
morphologically dissected into two elementary
processes; the fusion of dispersed Golgi mem-
branes to form punctate structures throughout
the cell, and the subsequent relocation of these
structures near the nucleus and return of the
characteristic morphology of the Golgi apparatus.
We have also used a morphometric analysis to
quantify the morphological changes to the Golgi
apparatus during the reassembly, and investigated
the kinetics and biochemical requirements of the
process.

2. Experimental

2.1. Cell culture and reagents

ŽMDCK cells were maintained in DMEM Nis-
.sui, Japan supplemented with 10% fetal bovine

Ž .serum JRH Biosciences, Lenexa, KS , 100 Urml
penicillin G, 100 mgrml streptomycin, and 0.25
mgrml fungizone at 378C in a 5% CO incubator.2

ŽIQ was a gift from Dr Vivek Malhotra University
.of California, San Diego and was stored as a
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Ž .25-mM solution in DMSO. Streptolysin O SLO
Žwas purchased from Dr Sucharit Bhakdi Univer-

.sity of Meintz, Germany . Anti-dynein antibody
Ž .was obtained from Sigma St. Louis, MO . All

other chemicals were purchased from Sigma or
Ž .Wako Chemicals Osaka, Japan .

2.2. DNA construction and stable transfectants

Complementary DNA encoding 1]60 amino
acids of mouse galactosyltransferase was placed
upstream of EGFP cDNA in EGFP-N1 vector
Ž .Clontech, Palo Alto, CA . The MDCK cells were

Žtransfected with LipofectAMINE PLUS GIBCO
.BRL, Rockville, MD . Stable transfectants, named

MDCK-GT, were selected in complete medium
Žcontaining 0.3 mgrml GENETICIN GIBCO

.BRL .

2.3. Golgi reassembly assay

The MDCK-GT, grown on polycarbonate mem-
branes, were incubated with 5 mgrml taxol
Ž .Sigma for 30 min at 378C to stabilize the micro-
tubules. They were then incubated with preacti-

Ž .vated SLO 0.5 mgrml for 20 min at 48C. After
the excess SLO had been washed out with cold

wPBS, the cells were incubated with TB 25 mM
Ž .Hepes-KOH pH 7.4 , 115 mM potassium acetate,

x2.5 mM MgCl , 1 mM DTT, 2 mM EGTA for 202
min at 378C to permeabilize the plasma mem-
branes. It was affirmed that )95% of cells were
permeabilized by these treatments. Sixty percent
of cytosolic proteins were depleted in semi-intact
cells, which is confirmed by measuring the activity

w xof leaked cytosolic lactate dehydrogenase 12 .
Permeabilized cells were incubated with 50 mM

ŽIQ containing ATP-regenerating system 1 mM
ATP, 8 mM creatine kinase, and 50 mgrml crea-

.tine phosphate for 30 min at 338C. And then,
semi-intact cells having dispersed Golgi mem-
branes were washed with TB for 15 min at 48C to
remove IQ. The cells were incubated with L5178Y

Žcytosol prepared as described by Pimplikar et al.
w x.13 and ATP-regenerating system at 338C for 90
min to reassemble the dispersed Golgi mem-
branes. After appropriate treatments, cells were
fixed with 1% formaldehyde in TB and observed

Žby an Axiobert 135 fluorescence microscope Carl
.Zeiss Inc., Jena, Germany .

2.4. Morphometric analysis

We classified the Golgi structures morphologi-
cally into three types during reassembly as: stage
Ž .I dispersed Golgi , dispersed throughout the cell;

Ž .stage II punctate Golgi , punctate in structure
and distributed in the cytoplasm; and stage III
Ž .reformed Golgi , re-fused Golgi membranes lo-
calized near the nucleus. Three hundred cells in
random fields were counted in each sample.
Means and deviations are expressed for three
independent experiments.

2.5. NEM treatment

Cytosol was treated with 1 mM N-ethylmalei-
Ž .mide NEM for 30 min on ice. Then, NEM was

quenched by subsequent incubation with 4 mM
DTT for 30 min on ice.

2.6. Kinetic modeling of the Golgi reassembly
processes

To extract information from the kinetics data,
we assumed the single linear first-order kinetics
model shown in Fig. 3b. Standard kinetic analysis
was applied to the data plots. There are two
independent rate constants, k1 and k2, repre-
senting the rate-limiting steps for stage I]II and
II]III, respectively. The kinetics data, percent
stage I]III, were fitted simultaneously using the
least-squares optimization procedure by Sigma

ŽPlot scientific graph system Jandel Corporation,
.CA .

3. Results

3.1. Reconstitution of IQ-induced Golgi-disassembly
and subsequent reassembly of the dispersed Golgi
membranes in semi-intact MDCK cells

To study the dynamic morphological changes to
the Golgi apparatus in semi-intact cells, we ob-
tained stable transfectants of MDCK cells ex-
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pressing GT-GFP continuously. One of these
transfectants, MDCK-GT8, grown on polycarbo-
nate membranes, was incubated with taxol to
stabilize microtubules and then treated with SLO
by a two-step procedure. The semi-intact cells
were incubated with 50 mM IQ and ATP-regener-

Ž .ating system hereafter, described as ATP at
338C. As shown in Fig. 1, at the 0-min mark, the
Golgi apparatus had a ribbon-like morphology
around the nucleus, which is a typical construc-
tion of the Golgi apparatus when MDCK cells
form an epithelial sheet on polycarbonate mem-
branes. At 20 min after addition of IQ, the Golgi
apparatus broke into smaller, punctate structures.
These punctate structures subsequently dispersed
throughout the cytoplasm after 40 min incuba-
tion. Morphological observation of the disassem-
bly revealed it to consist of two elementary
processes: the disorganization of the intact Golgi
apparatus into large punctate structures; and sub-
sequent fragmentation and the dispersal of these
structures throughout the cytoplasm.

After being washed with excess TB to remove
IQ, cells containing dispersed Golgi membranes

Žwere further incubated with L5178Y cytosol pro-
.tein concentration: 1.9]2.4 mgrml and ATP at

338C. After 10 min incubation with cytosol and
ATP, the dispersed Golgi membranes fused with

Žeach other and formed larger vesicles punctate
.structures throughout the cytoplasm. As the in-

cubation proceeded, the punctate Golgi mem-
branes migrated to the perinuclear region and
fused to form the juxtanuclear Golgi. The Golgi
reassembly also consists of two processes; the
fusion of the dispersed membranes and the relo-
cation of the fused membranes near the nucleus.

3.2. Kinetics of the Golgi reassembly

Next we developed a morphometric analysis to
quantify the morphological changes to the Golgi
apparatus during reassembly. As shown in Fig. 2,
morphologically, the Golgi apparatus was classi-

Ž . Žfied as: stage I dispersed Golgi , stage II punc-
. Ž .tate Golgi , and stage III reformed Golgi . For

morphometric analysis, the cells which showed
one of the three typical morphologies of the
Golgi apparatus described above were enumer-

Fig. 1. Morphological changes to GFP-tagged Golgi mem-
branes during Golgi disassembly and reassembly. Semi-intact
MDCK-GT cells were incubated with 50 mM IQ and ATP-re-
generating system at 338C for 0, 10, 20, 30, and 40 min. The
cells were fixed and viewed with fluorescence microscope
Ž .disassembly . After being washed out IQ, the cells were
incubated with L5178Y cytosol and ATP-regenerating system
at 338C for 0, 20, 40, 60, and 80 min. Fusion of the vesiculated
Golgi membranes and their relocation into the pericentriolar

Ž .region were observed reassembly . Bars20 mm.

ated in each sample and the percentage of cells at
Ž .each stage was expressed see Section 2 .

Morphometric analysis was used to investigate
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Fig. 2. Morphological dissection of the Golgi membranes during the Golgi reassembly. The process was dissected into three stages
in the Golgi reassembly assay: stage I, Golgi membranes dispersed throughout the cytoplasm; stage II, punctate Golgi structures
distributed throughout the cell; and stage III, reformed Golgi membranes localized near the nucleus. Bars20 mm.

the kinetics of the IQ-induced Golgi reassembly
Žprocess in semi-intact MDCK-GT cells Fig. 3a,

.left panel . The percentage of stage I cells de-
creased from 90% to 15% although that of stage
III cells increased to approximately 60% at 80
min incubation with cytosol and ATP. The per-
centage of stage II increased to 40% followed by
a decrease to 25%. The time-dependent increase
followed by the decrease in the percentage of
stage II cells support that the punctate structures
are intermediates in the Golgi reassembly process.

We next examined whether the kinetic data
plots obtained above could be fit to the model in
Fig. 3b. We assumed that the reaction is a simple
first-order reaction and the Golgi reassembly con-
sists of three stages arranged in series. To see
whether the model could account for the data,
and to extract rate parameters, we used least-
squares optimization. Experimental data of the

Ž .percentage of cells at each stage left panel and
Ž .the corresponding model solution right panel

are represented in Fig. 3a. Simulated data plots
fitted the experimental data very well, and the

Ž .mean rate constants "S.E. were obtained as
y1 Ž .0.0274"0.0029 min for k1 from stage I to II

y1 Žand 0.0285"0.0041 min for k2 from stage II
.to III . The optimal fitting strongly indicates that

the punctate Golgi structures at stage II are in-
termediates in the Golgi reassembly process.

3.3. Morphometric analysis of the IQ-induced Golgi
reassembly: biochemical requirements

By using the above reassembly assay, we inves-

Ž .Fig. 3. Kinetics and modeling of the Golgi reassembly. a
Time-dependent kinetic changes in the percentage of cells at
each stage are expressed in the left panel. Open circles
represent stage I; open triangles, stage II; and closed circles,
stage III. Right panel shows the corresponding simulation
curve, assuming the reaction is expressed as simple linear first

Ž . Ž .order kinetics as shown in b . b Simple linear first-order
kinetic model for the Golgi reassembly process. In this model,
the vesiculated Golgi membranes reassemble from stage I to

ŽII and II to III at a rate equal to a rate constant i.e. k1 and
.k2 .

tigated the biochemical requirements for the
process. Semi-intact cells, whose Golgi mem-
branes were dispersed by IQ treatment, were
incubated with cytosol under various conditions
at 338C for 80 min and then subjected to morpho-
metric analysis. The reassembly process required

ŽATP and its hydrolysis Fig. 4, ATP and AMP-
.PNP . Addition of ATP only was enough for the

Ž .formation of the punctate Golgi stage II , al-
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Fig. 4. Biochemical requirements for the Golgi reassembly
process. IQ-treated semi-intact MDCK-GT cells were in-

Ž . Ž .cubated with cytosolrATP control , ATP ATP , cytosolr
Ž .ATPr1 mM AMP-PNP AMP-PNP , NEM-treated

Ž .cytosolrATP NEM-cyto , cytosolrATPr0.4 mg anti-dynein
Ž . Ž .antibody anti-dynein , cytosolrATPr1 mM GTPgS GTPgS ,

Ž .or cytosolrATPrAlF AlF, 30 mM NaF and 50 mM AlCl at3
338C for 80 min, respectively. After the incubation, the cells
were subjected to morphometric analysis. Mean of the per-
centage of cells at stages I]III was expressed. Vertical bars
represent deviations. Protein concentration of cytosol is 2.4
mgrml.

though the effect of cytosol in semi-intact cells
cannot be ignored. NEM-treated cytosol inhibited
almost completely the formation of punctate Golgi
Ž .Fig. 4, NEM . This indicated that a general fu-
sion protein, NSF, in exogeneously added cytosol,
is essential for the formation of stage II Golgi.
Addition of anti-dynein antibody especially inhib-

Žited the reassembly process at stage II Fig. 4,
.anti-dynein , while anti-kinesin antibody did not

Ž .data not shown . The result suggested that the
minus-end directed microtubule-associated motor
protein, cytoplasmic dynein, is involved in the

Ž .later process from stage II to III . Indeed, with-
out preincubation of the cells with taxol, the
reassembly process did not proceed beyond stage

Ž .II punctate Golgi , suggesting that the migration
of punctate Golgi to the pericentriolar region is
dependent on microtubule integrity and micro-

Ž .tubule-associated motor protein s .
We next examined the involvement of GTP

binding proteins in the reassembly process. Addi-
tion of GTPgS, a non-hydrolyzable analogue of
GTP, inhibited the process from stage II to III,

Ž . Žbut the aluminum fluoride AlF did not Fig. 4,
. Ž .GTPgS and AlF . G protein s , which might have

a different sensitivity for the reagents, is involved
later in the process. However, at this stage, we
could not characterize the type of G protein,
because both GTPgS and AlF activate trimeric

w xand small G proteins 14]17 .

4. Discussion

Malhotra’s group reconstituted the reassembly
process of the IQ-mediated vesiculated Golgi

w xmembranes in semi-permeabilized NRK cells 8,9 .
The results they obtained were consistent with
our results, especially the ATP-, cytosol- and
NSF-requirements for the fusion of vesiculated
Golgi membrane.

However, our reconstitution systems revealed
several new findings as below. First, we reconsti-
tuted not only the fusion of the vesiculated Golgi
membranes but also the relocation of the fused
membranes to the pericentriolar region in semi-
intact MDCK cells. SLO-mediated permeabiliza-
tion has little effect on the integrity of micro-
tubule networks in MDCK cells, as was supported
by indirect immunofluorescence method using

Ž .anti-a-tubulin antibody data not shown . The
good preservation of microtubule integrity would
make it possible to reconstitute the whole process
of the Golgi reassembly. Indeed, without taxol

Žtreatment, reassembly arrested at stage II punc-
.tate , suggesting that microtubule integrity is im-

Žportant for the relocation process data not
.shown .

Second, we dissected the Golgi reassembly into
two elementary processes: the fusion of dispersed

Ž .Golgi membranes stage I to form punctate
Ž .structures stage II ; and the subsequent reloca-

tion of these structures near the nucleus to re-
Ž .form the stacks of cisternae stage III . By mor-

phometric analysis, we analyzed the kinetics of
Golgi reassembly and evaluated the rate constant
of each process. We found that a simple model
comprised of a series of linear rate laws connect-

Ž .ing three stages stage I]III was sufficient to fit
Ž .the data plots Fig. 3a . In mammalian cells, the

mitotic Golgi fragments first fuse into large vesi-
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cles at telophase, and stacks of cisternae are
w xreconstructed after cytokinesis 18,19 . Punctate

Golgi at stage II in our reconstitution system
might correspond to the large vesicles at telophase
and fused Golgi at stage III to stacks of cisternae
after cytokinesis.

Third, based on the analysis, we also evaluated
the biochemical requirements for each process
quantitatively and found that GTP binding pro-
tein regulates the latter process of the reassem-
bly. Various kinds of GTP binding proteins were
demonstrated to regulate the Golgi function and
organization. One of the most characterized GT-
Pases, involved in Golgi function, is Ras-like GT-

w xPase, the Rab family 20,21 . Rab 1, 2, and 6 are
reported to be involved in vesicular transport to

w xor through the Golgi apparatus 22]26 . It was
also reported that trimeric G proteins regulate

w xthe Golgi structure 27]29 . For example, G , abg

subunit of trimeric G protein, mediates the signal
w xof IQ-induced Golgi fragmentation 28,29 . In our

reconstitution system, IQ-induced Golgi disas-
Žsembly was inhibited by GTPgS or AlF Kano et

.al., unpublished data . It is interesting that AlF
inhibited the Golgi disassembly but not reassem-
bly. The different sensitivities of G proteins to the
reagents during disassembly and reassembly would
provide a clue to the identity of the G protein
involved in each process.

Our reconstitution system allows one to dissect
complex intracellular processes morphologically
and biochemically, and to screen and evaluate the
biochemical requirements and kinetics for each
process as described above. This system would
also be of use for the study of the dynamic
organization of other organelles, such as mitotic
nuclear membrane dynamics.
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