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Early in mitosis, the mammalian Golgi apparatus disassembles, and fluorescence microscopy reveals Golgi clusters and
an extensive, nonresolvable haze that either represents scattered vesicles or a merged endoplasmic reticulum (ER)-Golgi
compartment. To help decide between these alternatives, we have carried out a combined microscopic and pharmaco-
logical analysis, by using a BS-C-1 cell line stably coexpressing ER and Golgi markers. Video fluorescence microscopy
showed that these two organelles were morphologically distinguishable at all stages of mitosis, and photobleaching
experiments showed that diffusion of the Golgi marker was unaffected by the presence of the ER. Fragmentation of the
ER by using filipin III completely blocked diffusion of the ER marker but had no effect on the Golgi marker, unless it was
first relocated to the ER by using brefeldin A. The Golgi haze was also studied using BODIPY ceramide. Its diffusion was
slower in mitotic Golgi than in mitotic ER, but similar to that of a Golgi enzyme marker in the mitotic Golgi haze or in
Golgi vesicles generated by ilimaquinone. Together, these results support the idea that the Golgi and the ER remain
separate during mitosis and strongly suggest that Golgi markers move by vesicle diffusion, as opposed to lateral diffusion

in continuous membranes.

INTRODUCTION

The status of the Golgi apparatus as an organelle has been
the subject of a long-running debate that focused initially on
the route taken by transiting cargo (cisternal maturation or
vesicle-mediated transport; Glick and Malhotra, 1998; Pel-
ham and Rothman, 2000) and, more recently, on the mech-
anisms of duplication and partitioning that underlie its bio-
genesis (Marsh and Howell, 2002; Munro, 2002). If the Golgi
apparatus is responsible for its biogenesis, then it can be
viewed as an autonomous organelle (Pelletier et al., 2002). If,
on the other hand, it depends on the endoplasmic reticulum,
then it can be viewed as a dependent organelle, which exists
only as a consequence of ER functioning (Zaal et al., 1999;
Bevis et al., 2002; Munro, 2002).

Golgi partitioning during mitosis in animal cells has been
particularly controversial, with models ranging from parti-
tioning by Golgi elements themselves (Lucocq et al., 1989;
Misteli and Warren, 1995; Jesch and Linstedt, 1998; Shima et
al., 1998; Jesch et al., 2001; Jokitalo et al., 2001) to the partial
or even complete merger of the Golgi with the ER, which
then mediates the partitioning process (Thyberg and
Moskalewski, 1992; Zaal et al., 1999; Kano et al., 2000; Ter-
asaki, 2000). Although most biochemical experiments have
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yielded consistent results, suggesting a separation of the ER
and Golgi during mitosis (Jesch and Linstedt, 1998; Farmaki
et al., 1999; Jesch et al., 2001), microscopic experiments have
often yielded contradictory results (Thyberg and
Moskalewski, 1992; Shima et al., 1998; Zaal et al., 1999; Joki-
talo et al., 2001).

A particular issue has been the Golgi haze observed by
fluorescence microscopy of mitotic cells. Breakdown and
fragmentation of the Golgi ribbon at the onset of mitosis is
accompanied by the appearance of a Golgi haze, which
pervades the entire mitotic cell cytoplasm. The amount de-
pends on the extent to which the Golgi breaks down, and
this varies from cell to cell and even worker to worker. Some
of these differences can be attributed to the quality of the
antibodies used, particularly in early studies (Warren, 1985),
but careful studies of both fixed and live cells show that the
haze is a genuine product of the Golgi fragmentation process
(Jesch and Linstedt, 1998; Zaal et al., 1999; Jesch et al., 2001).
The problem, however, is that the haze cannot be resolved
by fluorescence microscopy and has been attributed to two
different structures, depending on the partitioning mecha-
nism.

Experiments that favor the separation of the Golgi and the
ER during mitosis attribute the haze to free vesicles formed
by vesiculation of Golgi stacks during the early phases of
mitosis. In vitro and in vivo approaches suggest that these
vesicles are derived by continued budding of COPI vesicles
in the absence of fusion (Warren, 1985; Misteli and Warren,
1994, 1995; Sonnichsen et al., 1996; Nakamura et al., 1997;
Lowe et al., 1998). Mitotic Golgi vesicles have been identified
using several electron microscopy (EM) techniques and
shown to be distinct from the mitotic ER (Lucocq et al., 1989;
Misteli and Warren, 1995; Jokitalo ef al., 2001). Fractionation
of mitotic cells by velocity gradient centrifugation has been
used to separate mitotic Golgi vesicles from the mitotic ER
(Jesch and Linstedt, 1998; Jesch et al., 2001). In all cases, these
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vesicles are ~60 nm in diameter, which is below the resolution
level of fluorescence microscopy (300 nm), and so they should
be visualized as a haze. The spindle region of mitotic cells lacks
ER but contains the haze, further suggesting that it is indepen-
dent of the ER (Jesch and Linstedt, 1998; Jesch et al., 2001).

Experiments that favor the merger of the Golgi and the ER
during mitosis attribute the haze to a merged ER-Golgi
compartment. Early data suggested the presence of manno-
sidase II in the mitotic ER, although the amounts could not
be assessed because the immunocytochemical method used
cannot provide quantitation (Thyberg and Moskalewski,
1992). Later experiments suggested that the enzymes found
in the mitotic ER were the result of new enzyme synthesis,
rather than relocation from the Golgi (Farmaki ef al., 1999).
Zaal et al. (1999) put forward several lines of evidence for a
merged ER-Golgi compartment. A 1,4 galactosyltrans-
ferase (GalT)-green fluorescent protein (GFP) construct was
localized to the ER by immuno-EM though this probably
reflected, at least in part, newly synthesized protein under-
going slow folding (Jokitalo ef al., 2001). Endogenous GalT
was also localized to ER-like structures in mitotic cells, but
the lack of quantitation and double-labeling to identify the
ER precludes any firm conclusions. Blocking ER exit at the
end of mitosis prevented Golgi reassembly arguing that
critical Golgi components were relocated to the ER during
the mitosis (Zaal et al., 1999).

Perhaps the most supportive line of evidence came from
experiments exploiting the properties of the lipid dye
BODIPY ceramide, which has been used as a marker for the
Golgi apparatus in interphase cells (Pagano et al., 1991).
Lipids move much faster in membranes than proteins but
should move at the same rate if both are present in common
carriers such as small vesicles. Fluorescence recovery after
photobleaching (FRAP) analysis in mitotic cells showed that
the rate of diffusion of this dye was 10 times higher than that
of a GalT-GFP construct, arguing that both were present in
a continuous membrane system rather than small vesicles.
These membranes were identified as the ER because the
diffusion coefficients for the GalT-GFP construct were the
same in mitotic cells as in interphase cells treated with
brefeldin A (BFA) (Zaal et al., 1999).

Another model-related issue is the status of mitotic Golgi
clusters (MGCs), which are visualized as bright resolvable
puncta by fluorescence microscopy, and tubulo-vesicular
clusters by EM (Lucocq et al., 1987, 1989; Misteli and Warren,
1995; Shima ef al., 1998; Jokitalo et al., 2001). In the autono-
mous partitioning model, they are viewed as the mediators
of Golgi partitioning (Shima et al., 1998). They are formed by
the vesiculation of Golgi stacks and shed vesicles to a vari-
able extent, forming the mitotic Golgi haze. There is evi-
dence that the MGCs have an underlying matrix (Seemann
et al., 2000) that is normally populated by Golgi enzymes,
but these do not have to accompany the matrix during the
partitioning process (Seemann et al., 2002). This might help
explain the variability in the amount of Golgi haze that is
seen in different cell types. The status of the matrix is,
however, still unclear, and its existence has been disputed
(Zaal et al., 1999; Miles et al., 2001; Ward et al., 2001; Stroud
et al., 2003). In the merged ER-Golgi model of partitioning,
the MGCs are viewed as intermediates on the pathway
leading to merger of the Golgi and the ER.

In this article, we have used quantitative fluorescence
microscopy to address the independence of the Golgi and
the ER during mitosis. We have focused on the Golgi haze,
exploiting its presence in the spindle region to discriminate
it from the ER. Quantitative FRAP analysis and pharmaco-
logical approaches have been applied to a cell line stably
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expressing both a Golgi and an ER marker, each tagged with
a different variant of GFP. The diffusion of BODIPY cer-
amide has also been reinvestigated. Together, our data
strongly support the idea that the Golgi remains distinct
from the ER throughout mitosis and that the Golgi haze
consists of vesicles moving throughout the mitotic cyto-
plasm.

MATERIALS AND METHODS

Chemicals

The following working concentrations (and stock solutions) were used: BFA
(Epicenter Technologies, Madison, WI), 5 ug/ml (5 mg/ml in ethanol); filipin
IIT (Sigma-Aldrich, St. Louis, MO), 5 ug/ml (10 mg/ml in methanol); BODIPY
FL ceramide (Molecular Probes, Eugene, OR), 5 uM (5 mM in methanol), and
ilimaquinone (IQ; Sigma-Aldrich), 25 uM (5 mg/ml in dimethyl sulfoxide).
BODIPY ceramide was used as described by Sciaky et al. (1997) and ilimaqui-
none as described by Takizawa et al. (1993).

Plasmid Constructs

The plasmid encoding GalNAc-T2-YFP, a yellow fluorescent protein (YFP)
version of GalNAc-T2-fluorescent protein (Storrie et al., 1998; White et al.,
2001), was obtained from Dr. J. White (European Molecular Biology Labora-
tory, Heidelberg, Germany). It consists of the stalk region of UDP-GalNAc:
polypeptide N-acetylgalactosaminyltransferase 2 (GalNAc-T2), sufficient for
correct Golgi localization (Storrie et al., 1998, and references therein), inserted
into the vector pEYFP-N1 (BD Biosciences Clontech, Palo Alto, CA). The cyan
fluorescent protein (CFP) version of Sec61B (VLP 25; Rolls et al., 1999) was
obtained from Dr. M. Rolls (Harvard Medical School, Boston, MA). CFP-
Sec61B-Hygro was generated by the ligation of a SnaBI-NotI fragment from
this construct into the SnaBI-NotI digested vector pcDNA3.1/Hygro(+) (In-
vitrogen, Carlsbad, CA).

Cell Culture and Transfection

BS-C-1 cells (ATCC CCL 26) were routinely cultured in minimum essential
medium (Invitrogen), supplemented with 10% fetal bovine serum (Gemini,
Irvine, CA), 100 U/ml penicillin, and 100 ug/ml streptomycin (Invitrogen),
and 2 mM L-glutamine (Invitrogen). Transfection (plasmids prepared using
EndoFree maxi kit; QIAGEN, Valencia, CA) was performed using the Super-
Fect transfection reagent (QIAGEN), according to the manufacturer’s proto-
col. Cells were transferred to selective medium after 24 h, and after 2-3 wk,
colonies were picked by repetitive pipetting of trypsin and expanded. Single
stable GaINAc-T2-YFP transfectants were first selected in geneticin (G-418
sulfate, 800 pg/ml; Invitrogen), an appropriate clone was further transfected
with CFP-Sec61B-Hygro, and double-stable transfectants were then selected
and maintained using Hygromycin B (130 ug/ml; Calbiochem, San Diego,
CA) in addition to geneticin.

Confocal Microscopy and Quantitative FRAP

Microscopy was performed in phenol red-free minimum essential medium
(Invitrogen) with 10% fetal bovine serum, 2 mM L-glutamine, and 25 mM
HEPES buffer, pH 7.3, on 60% confluent cells in 0.17-mm glass bottom petri
dishes (MatTek, Ashland, MA). A 37°C environment was maintained using a
stage heater (Carl Zeiss, Thornwood, NY), except during filipin III treatment
and the following imaging or FRAP, which were performed at room temper-
ature. Single confocal planes were collected with an inverted laser scanning
confocal microscope (LSM510; Carl Zeiss), by using 458-nm laser excitation
for CFP and 514 nm for YFP and BODIPY ceramide, a C-Apochromat 40X
objective lens, 6X zoom, and a pinhole equivalent to one Airy disk diameter.
CFP, YFP, and BODIPY ceramide were imaged together by using 458- and
514-nm laser excitations and the META detector system in the range 467-606
nm with 10.7-nm steps. Signals were separated based on reference spectra
from live cells expressing only CFP or YFP, or wild-type cells stained with
BODIPY ceramide. All imaging and FRAP of BODIPY ceramide was per-
formed within 30-60 min after the dye was washed away, and the cells were
returned to 37°C, as described by Sciaky et al. (1997).

Photobleaching was performed using high laser intensity (100% transmis-
sion, two scans for BODIPY ceramide, 20 for YFP, and 50 for CFP) on a 2.5- by
2.5-um region (selected to be free of resolvable MGCs when viewing Golgi).
The FRAP was monitored by continuous scanning of the whole cell at low
transmission, and values were obtained from the bleached area and an
unbleached control area by using the LSM510 software (Carl Zeiss). Values
were corrected for background using a cell-free region of the field of view,
and values from the bleached area were compensated for bleaching during
monitoring, by using values from the control area. As for BODIPY ceramide,
the monitoring affected ER and Golgi differently, and bleached and control
areas were selected to represent the same organelle, as judged by positional
criteria. Values are given as percentage of the prebleach values, which are
averages of two measurements.
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RESULTS

The Generation of a Cell Line Expressing Fluorescent
Golgi and ER Markers

The O-glycosylation enzyme GalNAc-T2 is a marker of the
whole Golgi stack, but with a slight preference for trans
cisternae (Rottger et al., 1998). Substitution of the catalytic
domain with GFP does not affect its location (Storrie et al.,
1998), and a BS-C-1 cell clone stably expressing a YFP ana-
logue of this chimera was selected. Both by YFP fluorescence
and by immunofluorescence with anti-GFP antibody, the
construct localized to the juxtanuclear Golgi ribbon (our
unpublished data). A trace level of ER staining could be
distinguished in some cells, probably representing the slow
cycling of Golgi enzymes through the ER (Storrie et al., 1998).
The ratio of Golgi-to-ER staining seemed similar both by
YFP fluorescence and anti-GFP antibody, arguing against an
ER pool of misfolded chimera. A CFP-labeled Sec61p (Rolls
et al., 1999), a translocon component localized to the ER
(Kalies et al., 1998; Rolls et al., 1999), was then expressed to
obtain a double-stable cell line. This construct localized to
the ER, including the nuclear envelope, as judged by CFP
fluorescence.

The Mitotic Golgi and ER Are Morphologically Distinct

Unsynchronized cultures of GalNAc-T2-YFP/CFP-Sec61p
cells were imaged live by using laser scanning confocal
microscopy. Figure 1A shows a representative cell moni-
tored from metaphase to cytokinesis. The ER looked like a
continuous network, readily distinguishable from the Golgi,
which instead looked like MGCs and a nonresolvable haze.
As has been reported previously (Jesch and Linstedt, 1998;
Jesch et al., 2001), the spindle region (or more correctly, the
region delimited by polar microtubules) of the metaphase
cell (0 min) lacked ER but contained the Golgi haze. This
striking feature persisted through anaphase and telophase
(5-8 min), and the ER did not invade this region until
spindle disassembly at cytokinesis (11 min). The Golgi haze
was homogenously distributed throughout the entire cell,
except for the chromosomal regions, and there were no
differences in intensity between spindle regions and other
areas.

To illustrate how the Golgi enzyme marker would look if
localized to the ER, cells were treated with BFA before
M-phase entry. Figure 1B reveals an almost complete colo-
calization between the Golgi enzyme and the ER marker, in
an ER-like structure, and both markers were absent from the
spindle region. This shows that the morphological differ-
ences between the Golgi and the ER seen in Figure 1A are
real and not due to differences between YFP and CFP, or
other technical artifacts.

The Diffusion Rate of the Golgi Haze Is Unaffected by the
Presence of ER

We next carried out FRAP experiments by using this cell
line, because the diffusion rate of Golgi enzymes in mitotic
cells has been taken as evidence for their presence in the ER
(Zaal et al., 1999). Two approaches were used.

The first exploited the discovery by Linstedt and col-
leagues (Jesch and Linstedt, 1998; Jesch et al., 2001) that the
spindle region is free of ER membranes. Quantitative FRAP
of the Golgi haze (GalNAc-T2-YFP) in the spindle region
and an ER-containing reference region were compared. Ar-
eas were selected to avoid resolvable Golgi puncta (MGCs).
Anaphase cells were used, because these possess spindle
regions that are both large enough for recovery studies and
are free from chromosomes that might otherwise disturb the
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homogeneity and diffusion of the haze. Figure 2, inset,
shows an example of the areas that were bleached in the
spindle and reference regions. The ER marker (CFP-Sec61f3)
was monitored in all cells to confirm the absence of ER in the
spindle regions and its presence in the reference regions. As
shown in Figure 2, the FRAP kinetics was essentially the
same in the ER-free spindle region and in an ER-containing
reference region, with an apparent ¢, ,, of ~12 s and a mobile
fraction of ~70% in both cases. This shows that the rate of
Golgi marker diffusion is not dependent on the presence of
the ER, which in turn suggests that the Golgi haze has its
own ER-independent diffusion.

Fragmentation of the ER Blocks Diffusion of the ER but
Not the Golgi Marker

The second approach was pharmacological, exploiting the
effect of filipin III, a drug that breaks down the ER in living
cells (McEwen et al., 1987). The underlying mechanism is
still unclear, but it may be secondary to the cholesterol
sequestering action of this compound. The procedures were
first optimized for BS-C-1 cells. The effect of filipin III
seemed to be best if cells were not fully confluent, and at
room temperature rather than 37°C. Metaphase cells, which
have small spindle regions, were used so as to maximize the
amount of ER available for analysis. The effect of filipin III
was rapid, with breakdown of the mitotic ER readily visible
by 10 min and complete by 30 min (Figure 3A). Breakdown
of the ER in interphase cells took longer, ~50 min, for
reasons that are still unclear (Figure 3B).

The interphase Golgi ribbon seemed to be unaffected by
filipin III treatment (Figure 3B), at least over the time periods
used in these experiments. So, too, were the Golgi haze and
the MGCs in mitotic cells (Figure 3A). Filipin III was also
tested on cells pretreated with BFA, and as expected, both
markers labeled an ER that was broken down by filipin III in
both metaphase (Figure 3C) and interphase (Figure 3D) cells.
ER breakdown was, however, often less complete in cells
pretreated with BFA than in untreated cells, perhaps be-
cause the ER-Golgi hybrid acquired some of the resistant
properties of the Golgi.

Figure 4A shows quantitative FRAP of the Golgi haze in
metaphase cells. The kinetics was not significantly changed
by filipin III treatment. If anything, the recovery seemed
slightly faster in treated (apparent t,,, of ~10 s) than in
control cells (apparent ¢, ,, of ~15 s). This, and the greater
fluctuations in the recovery curve of filipin Ill-treated cells,
was probably due to increased movement of MGCs into the
areas being monitored, which were initially selected to be
free of these structures. One possibility is that the broken
down ER offers less hindrance to movement of the MGCs.

The ER marker of control cells showed a rapid recovery
after photobleaching (apparent t,,, of ~10 s; Figure 4B).
Strikingly, however, in filipin III-treated cells, the ER marker
recovery seemed to be negligible. This probably reflects the
lack of membrane continuity in ER membranes broken
down by filipin Il (Figure 3). Together, Figure 4, A and B,
show that the diffusion of Golgi and ER markers are differ-
entially affected by treatment with filipin III and provide
strong evidence that they reside and diffuse in different
structures.

As a control, we studied the effect of filipin III on the Golgi
marker after it had been relocalized to the ER by BFA treatment
before M-phase entry. The Golgi marker now responded as if
it were an ER marker, showing fast recovery in the absence of
filipin III (apparent ¢, ,, of ~12 s) and very slow recovery in its
presence (t, ,, and mobile fraction not measurable within the
monitoring interval used). The little recovery that is seen might
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reflect the slightly less complete breakdown of a merged ER-
Golgi discussed above. The fact that diffusion of the Golgi
marker can be rendered filipin III sensitive further attests to it
not being in the ER during mitosis.

BODIPY Ceramide Diffuses More Slowly in the Mitotic
Golgi than in Mitotic ER

The lipid dye BODIPY ceramide has been used as a marker
for the Golgi apparatus in interphase cells (Pagano et al.,
1991). It has also been used to argue against the mitotic
fragmentation of the Golgi into small vesicles that do not
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Figure 1. Morphological differences be-
tween mitotic ER and Golgi in live cells. BS-
C-1 cells, stably expressing GalNAc-T2-YFP, a
Golgi enzyme marker (red), and CFP-Sec61p,
an ER marker (green), were monitored by
laser scanning confocal microscopy at 37°C
from metaphase to cytokinesis (lapsed time in
minutes indicated at the top). (A) Untreated
cell. (B) Cell possessing an artificial ER-Golgi
hybrid, generated by addition of BFA before
M-phase entry (3 h before the first image).
Bar, 10 pum.

fuse with the ER. If this lipid (and its metabolites) shared
mitotic Golgi vesicles with Golgi enzymes, then the diffusion
rates should be the same, limited by the diffusion of the
small vesicles. In fact, the diffusion rate of the lipid was
about 10 times that of a GalT-GFP construct, arguing that
both were present in the mitotic ER, which does not frag-
ment extensively during mitosis (Zaal et al., 1999). In the
light of our results, we decided to reinvestigate the diffusion
of BODIPY ceramide and to determine the extent to which it
colocalized with the Golgi marker GalNAc-T2 and the ER
marker Sec61B during mitosis.

Molecular Biology of the Cell
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Figure 2. Diffusion rate of the Golgi haze is unaffected by the
presence of ER. Anaphase cells were subjected to quantitative
FRAP of the Golgi marker GalNAc-T2-YFP (red) both over the
ER-free spindle region (filled diamonds) and an ER-containing
reference region outside the spindle region (open diamonds).
Means * SD, n = 10. As illustrated in the inset, the absence of ER
in the spindle region (light blue box), or presence in the reference
region (dark blue box), could be confirmed in every cell imaged
by observing the ER marker, CFP-Sec61p.

The GalNAc-T2-YFP/CFP-Sec618 cell line was stained
with BODIPY ceramide in accordance with the protocol
used by Sciaky et al. (1997), and BODIPY, YFP, and CFP
were monitored in live cells by using the META system
(Carl Zeiss) that allows fluorophores with overlapping
spectra to be separated. The top row in Figure 5 shows an
interphase cell, and as shown previously (Pagano ef al.,
1991), a significant amount of the BODIPY ceramide lo-
calized to the ER, irrespective of the amounts found in the
Golgi ribbon. In metaphase cells (Figure 5, middle row), in
contrast, most of the BODIPY signal seemed to colocalize
with the ER marker in continuous tubuli. These were
clearly distinct from the Golgi haze and MGCs. A faint
haze in the spindle region suggested, however, that a
small portion of the BODIPY ceramide was in the Golgi.
The same phenomenon was seen in the anaphase cells
(Figure 5, bottom row), where the ER-containing area
outside the mitotic spindle had a much brighter BODIPY
signal than the haze of the spindle. These observations
were verified using regular YFP filters to visualize the
BODIPY ceramide in cells not expressing overlapping
fluorophores and were also confirmed in HelLa cells, the
cell line used by Zaal ef al. (1999; our unpublished data).
The results suggest that most of the BODIPY ceramide
localizes to the ER in mitotic cells, in accordance with the
interpretations of previous kinetic data (Zaal et al., 1999).
At the same time, the results further underline the struc-
tural differences between the mitotic ER and Golgi ob-
served in Figure 1. The fact that BODIPY ceramide (and its
metabolites) is mostly in the ER of mitotic cells does not
mean that the Golgi is in the ER.

The relatively faint BODIPY signal within the anaphase
spindle was subjected to FRAP, to study the kinetics of
BODIPY ceramide in mitotic Golgi. Figure 6A shows the
FRAP curve together with a corresponding curve from a
nonspindle area. The curves are very different, revealing
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an apparent ¢, ,, of =10 s for the spindle region, compared
with ~2 s for the nonspindle region. The latter value
seemed to reflect mostly ER diffusion, because the kinetics
of nonspindle areas was essentially identical in cells pre-
treated with BFA for 2 h (Figure 6B; apparent t, ,, of ~2s).
Apparent t, ,, values were also obtained for interphase ER
(BFA, 2 h) and interphase Golgi ribbons, and were ~1 and
~2 s, respectively (our unpublished data). Together, the
apparent t, ,, was in the range of ~1-2 s in all structures
where lateral diffusion in continuous membranes can be
expected. The fivefold difference in ¢, ,, found for mitotic
Golgi (=10 s) therefore suggests a different mode of dif-
fusion for this organelle. Figure 6C shows an overlay of
the FRAP curves for BODIPY ceramide (Figure 6A) and
GalNAc-T2-YFP (Figure 2) in the anaphase spindle region.
These are similar, with apparent t,,, of =10 and 12 s,
respectively, suggesting that these two markers diffuse in
common carriers in the anaphase spindle region.

The Recovery Rate of the Golgi Haze Is Similar to That of
Golgi Vesicles in 1Q-treated Cells

As a positive control for Golgi vesicles, we used the
well-characterized drug IQ, which converts the interphase
Golgi apparatus into collections of small vesicles, 90 nm in
diameter (Takizawa et al., 1993). By using the GalNAc-T2-
YFP /CFP-Sec61p cell line, the Golgi was converted into a
perinuclear haze, but there was no apparent effect on the
ER. Figure 7 shows an apparent t, ,, for recovery of ~8s,
which is very similar to that for metaphase (=8 s) and
anaphase (=12 s; Figure 2) cells. Together with the data in
the previous section, these results argue strongly that the
mitotic Golgi haze comprises free vesicles, corroborating
earlier work with biochemical and EM methods (Lucocq et
al., 1989; Misteli and Warren, 1995; Jesch and Linstedt,
1998; Jesch et al., 2001; Jokitalo et al., 2001).

DISCUSSION

In this study, quantitative FRAP analysis was used to
examine the dynamics of Golgi and ER membranes during
mitosis. To view both membranes simultaneously, a stable
cell line was generated expressing two tagged proteins,
the retention domain of a Golgi enzyme, GalNAc-T2,
linked to YFP, and a component of the ER translocon,
Sec61B, linked to CFP. Earlier studies had relied on the
transient or stable expression of a single tagged marker,
so that its pattern could only be compared with that for
other organelles after fixation and labeling with antibod-
ies. Using a cell line stably expressing ER and Golgi
markers permitted the first real-time comparison of these
two organelles in mitotic cells. This not only avoided the
problems associated with cell fixation, background label-
ing, and antigen accessibility but also increased substan-
tially the number of images that could be carefully com-
pared and provided an unambiguous order of events. The
results of these comparisons showed that the Golgi and
the ER have distinct distributions throughout mitosis,
unless the Golgi was first relocated to the ER by pretreat-
ment of the cells with BFA before they entered mitosis.
Then the patterns were virtually identical.

These morphological differences were then confirmed
by exploiting two observations. The first was discovered
by Linstedt and colleagues (Jesch and Linstedt, 1998; Jesch
et al., 2001), who showed that the spindle region contains
Golgi but not ER markers. The second was the selective
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effect of filipin III on ER but not Golgi membranes. Al-
though the reasons are still unclear, the cholesterol-se-
questering effect of filipin III has a dramatic effect on the
ER. Over a 30-min time period, the mitotic ER undergoes
extensive fragmentation. FRAP analysis showed that this
was accompanied by a dramatic change in the movement
of the Sec61B marker. Although the t,,, for recovery of
this marker in mitotic ER was ~10 s, there was essentially
no recovery in the presence of filipin III, presumably
because the ER membrane fragments were no longer con-
nected. In marked contrast, the t,,, for recovery of the
GalNAc-T2 marker was about the same in the absence or
presence of filipin III. If anything, recovery was a little
faster (=10 vs. =15 s), perhaps because the fragmentation
of the ER gave the Golgi more room to move around.
Furthermore, when the cells were pretreated with BFA
before they entered mitosis, the Golgi marker now be-
haved in exactly the same way as the ER marker. There
was essentially no recovery after photobleaching in the
presence of filipin III. Together, these data clearly show
that during mitosis, the diffusion of the Golgi marker
occurs in a different compartment from that in which the
ER marker is diffusing.

Does this separate compartment, the mitotic Golgi haze,
then comprise vesicles? The recovery rates for the Golgi
marker in the Golgi and in the ER (after pretreatment with

1848

Interphase
30 50’

Figure 3. Mitotic and interphase ER can be
broken down by using filipin III. Cells were
monitored at room temperature (~20°C) after
the addition of filipin III (5 pg/ml) at time
points indicated at the top. (A) Metaphase
cell. (B) Interphase cell. (C) Metaphase cell,
possessing an artificial ER-Golgi hybrid, ob-
tained by addition of BFA before M-phase
entry (3 h before the first picture). (D) Inter-
phase cell, likewise treated with BFA for 3 h.
Bar, 10 pum.

BFA) were surprisingly similar. The t, ,, values were ~15
and ~12 s, respectively. One might have expected Golgi
enzymes to diffuse much more slowly in the Golgi than in
the ER, because the diffusion rate in the Golgi would be
limited by the diffusion of the vesicles. This argument was
in fact used by Zaal et al. (1999), who observed that a GalT
construct diffused at the same rate in interphase ER and
mitotic cells. They therefore concluded that the GalT
construct must be present in the mitotic ER, not Golgi
vesicles.

To our knowledge, however, the diffusion rate of vesi-
cles in mitotic cytosol has neither been estimated nor
measured. It could simply be coincidence that Golgi en-
zymes diffuse at the same rate in Golgi vesicles as in the
ER, and then FRAP could not be used to identify the
membrane in which the Golgi enzyme is diffusing. To
determine whether the recovery rate for GalNAc-T2-YFP
is consistent with movement in vesicles, the cells were
treated with IQ. This sponge metabolite has been exten-
sively characterized by Malhotra and colleagues
(Takizawa et al., 1993). They showed that the Golgi ribbon
was converted into a collection of homogeneously sized
vesicles, 90 nm in diameter. FRAP analysis showed that
the apparent ¢, ,, for GaINAc-T2-YFP in these treated cells
(=8 s) was similar to that in both metaphase (=8 s) and
anaphase (=12 s) cells, arguing that the recovery rates are
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Figure 4. Breakdown of the mitotic ER
blocks diffusion of the ER but not the Golgi
marker. Metaphase cells were treated with 5

(@)

pg/ml filipin III (open diamonds) or left as 80 |
untreated controls (filled diamonds) for e

30-45 min at room temperature, and then ‘@60
subjected to quantitative FRAP (at room tem- 2

perature). Means + SD, n = 10. (A) Golgi 8

marker, GaINAc-T2-YFP. (B) ER marker, CFP- %40 1

Sec61p. (C) Golgi marker GaINAc-T2-YFP, re- 'g

localized to the ER by addition of BFA before 201
M-phase entry (3 h before addition of filipin

III). Shown at right are cells representative of 04 :
each curve (time points at bottom). Boxes in- 0 20

dicate bleaching areas (2.5 X 2.5 um).

entirely consistent with diffusion in vesicles. The similar-
ity in diffusion rates of GalNAc-T2-YFP in the Golgi and
the ER could then be explained in two ways. Either the
mitotic Golgi vesicles diffuse much more rapidly than
might be expected, or the GalNAc-T2-YFP in mitotic ER
diffuses much more slowly. Golgi enzymes can exist as
large oligomeric structures (Nilsson ef al., 1994; Nilsson
and Warren, 1994) and this might make them move more
slowly in ER membranes. Alternatively, or in addition,
movement through the ER might be obstructed by large
oligomeric structures such as the ribosome/translocon
complexes that translocate proteins across the ER mem-
brane.

The presence of Golgi enzymes in small vesicles was
also supported by a reinvestigation of the diffusion of
BODIPY ceramide in mitotic cells. The rapid diffusion of
this Golgi lipid marker compared with a Golgi enzyme
marker was taken as evidence that both were in the ER
(Zaal et al., 1999). Had they both been present in small
vesicles, the diffusion rate would have been the same.
Using exactly the same conditions as Lippincott-Schwartz
and colleagues, BODIPY ceramide was found mostly in
the Golgi ribbon in interphase BSC-1 cells and in the ER in
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mitotic cells. This assignment was facilitated by triple
labeling experiments and the use of the Zeiss META
detector to separate out the overlapping fluorescence sig-
nals. It was also confirmed in single labeling experiments
and in other cell lines such as HeLa cells. There was,
however, detectable BODIPY ceramide in the spindle re-
gion, which excluded ER but not the haze of the Golgi
enzyme marker. Quantitative FRAP showed that the re-
covery rate of the lipid in this region was very similar to
that of the Golgi enzyme marker (t,,, of ~10 and =12 s,
respectively). This argues strongly that both the lipid and
the Golgi enzyme are sharing the same carriers, most
likely small vesicles. The fact that this lipid pool is small,
because most goes back to the ER, could explain why it
was overlooked by Lippincott-Schwartz and colleagues. It
also raises the interesting possibility that there is move-
ment of Golgi components back to the ER during mitosis,
but it is lipids rather than proteins that move back. Move-
ment could be mediated either indirectly by lipid-rich
vesicles or directly by junctions that have been observed
between the trans-Golgi and the ER (Ladinsky et al., 2002).
However, the first step has to be a repetition of these

1849



M.A.B. Axelsson and G. Warren

Interphase

Figure 5. BODIPY ceramide localizes mostly
to the ER in mitotic cells. The GaINAc-T2-YFP
(red)/CFP-Sec61p (blue) cell line was loaded
with BODIPY ceramide (from a methanol
stock; green) for 10 min in the cold, washed,
and incubated in fat-free bovine serum albu-
min for 30 min at 37°C to remove excess dye.
Images were sampled, at 37°C, 30—60 min
after loading the dye, by using the META
system (Carl Zeiss) to separate the spectra.
Bar, 10 um.
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experiments studying endogenous lipids, to show that
they behave in the same manner as BODIPY ceramide.
Although the Golgi haze can clearly be equated with
small, dispersed vesicles, this does not explain their phys-
iological function. In the earliest experiments, they were
thought to be the end product of Golgi vesiculation and
therefore the Golgi partitioning unit. The predicted num-
ber of vesicles, ~10,000, was sufficient to provide a theo-
retical accuracy of partitioning of a few percent (Birky,
1983; Lucocq et al., 1989). Later experiments suggested
that MGCs were in fact the partitioning unit, and they
mediated ordered partitioning in association with micro-
tubules (Shima et al., 1998). Vesicles were relegated to a
subordinate role with no obvious function, shed from the
MGCs to a variable extent. But even shedding is not
essential for partitioning to occur. Pretreatment of cells
with BFA before their entry into mitosis relocates the
enzymes to the ER yet has no effect of the partitioning of
MGCs identified by matrix markers (Seemann et al., 2002).
Microinjection of a mutant p47 seems to prevent vesicu-
lation at the onset of mitosis but has no apparent effect on
partitioning (Uchiyama et al., 2003). The mechanism is
unclear because this cofactor is usually involved in the
p97-mediated reassembly of the Golgi apparatus at the
end of mitosis. Nevertheless, it does suggest that Golgi
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stacks themselves can mediate accurate partitioning,
which would put mammalian cells into the same category
as plants and fungi which also do not fragment their Golgi
during mitosis (Warren, 1993).

This would leave us with the possibility that mitotic
Golgi vesicles are simply the side-product of the inhibi-
tion of intra-Golgi transport that is a characteristic feature
of mitotic mammalian cells (Warren, 1985). Nevertheless,
it should be noted that all these experiments have been
carried out on individual fibroblastic cells growing on
plastic or glass surfaces. Cells growing in tissues have to
coordinate mitosis and cell division with neighboring
cells. In the future, it will be important to study the Golgi
haze in systems that better approximate the multicellular
state of mammals.
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Figure 6. BODIPY ceramide diffuses more slowly in the mitotic Golgi
than in the mitotic ER. Wild-type BS-C-1 cells were stained with BODIPY
ceramide as in Figure 5, and 30—60 min after loading the dye, anaphase
cells were subjected to quantitative FRAP. (A) Comparison between the
ER-free spindle region (open diamonds) and an ER-containing region
outside of the spindle (filled diamonds). (B) Comparison between the
ER-containing regions of cells that were not (filled diamonds) or were
(open circles) pretreated with BFA for 2 h before BODIPY ceramide
addition. (C) Comparison between BODIPY ceramide (open diamonds)
and GaINAc-T2-YFP (as in Figure 2; filled circles) over the ER-free spindle
region. Means = SD, n = 10.
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