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Golgi inheritance during mammalian cell division occurs through the disassembly, partitioning, and reassembly of Golgi
membranes. The mechanisms responsible for these processes are poorly understood. To address these mechanisms, we
have examined the identity and dynamics of Golgi proteins within mitotic membranes using live cell imaging and
electron microscopy techniques. Mitotic Golgi fragments, seen in prometaphase and telophase, were found to localize
adjacent to endoplasmic reticulum (ER) export domains, and resident Golgi transmembrane proteins cycled rapidly into
and out of these fragments. Golgi proteins within mitotic Golgi haze—seen during metaphase—were found to redistrib-
ute with ER markers into fragments when the ER was fragmented by ionomycin treatment. The temperature-sensitive
misfolding mutant ts045VSVG protein, when localized to the Golgi at the start of mitosis, became trapped in the ER at
the end of mitosis in cells shifted to 40°C. Finally, reporters for Arf1 and Sar1 activity revealed that Arf1 and Sar1 undergo
sequential inactivation during mitotic Golgi breakdown and sequential reactivation upon Golgi reassembly at the end of
mitosis. Together, these findings support a model of mitotic Golgi inheritance that involves inhibition and subsequent
reactivation of cellular activities controlling the cycling of Golgi components into and out of the ER.

INTRODUCTION

The Golgi apparatus functions as an essential processing/
sorting station at the crossroads of the secretory pathway,
receiving newly synthesized and/or recycled proteins from
the endoplasmic reticulum (ER) and delivering them to the
plasma membrane and other final destinations within cells.
Despite knowledge of its roles, the origin and maintenance
of the Golgi as a discrete organelle is debated. In one view,
the Golgi is an autonomous organelle that is responsible for
its biogenesis and maintenance (Pelletier et al., 2002). In a
different view, the Golgi is the product of ER export activi-
ties and depends on the functioning of ER export domains
(Zaal et al., 1999; Miles et al., 2001; Ward et al., 2001; Bevis et
al., 2002).

These two views provide very different explanations for
the inheritance of the mammalian Golgi during mitosis—a
process involving reversible disassembly of the Golgi ribbon
into discrete fragments and highly dispersed elements (i.e.,
mitotic haze). In the first view, known as the autonomous
model, mitotic Golgi breakdown/reassembly occurs inde-

pendently of the ER: the Golgi ribbon is first severed into
fragments, the fragments then shed small vesicles, the ves-
icles later reassemble into fragments, and the fragments
recoalesce into a Golgi ribbon (Shorter and Warren, 2002).
Throughout this process, Golgi and ER membranes are said
to remain distinct and do not communicate. In the second
view, called the ER-dependent model, Golgi inheritance oc-
curs through the intermediary of the ER: Golgi fragmenta-
tion/dispersal results from changes in the pathways control-
ling Golgi outgrowth from and absorption into the ER (Zaal
et al., 1999; Altan-Bonnet et al., 2004). This is thought to lead
to Golgi proteins redistributing into the ER or to ER export
domains at different stages of mitosis. Throughout the Golgi
disassembly/reassembly process, Golgi and ER membranes
are either communicating or exist as a merged compartment.

The autonomous and ER-dependent models of Golgi in-
heritance are based on different views of Golgi behavior
during interphase. Advocates of the autonomous model in-
terpret fragmentation of the interphase Golgi, such as
through treatments with ilimaquinone (Takizawa et al.,
1993) or okadaic acid (Lucocq et al., 1995), or in cell-free
assays from purified Golgi membranes (Misteli and Warren,
1995a,b), as evidence that Golgi membranes have a general
capacity to breakdown into smaller elements. This capacity,
they argue, is the central causal factor underlying mitotic
Golgi disassembly. Advocates of the ER-dependent model
instead focus on the fact that conditions that perturb ER–
Golgi trafficking pathways in interphase (e.g., treatment
with nocodazole or brefeldin A [BFA] or expression of dom-
inant negative Sar1 or Arf1 mutants) causes the Golgi to
fragment or to disassemble as a consequence of Golgi mem-
brane proteins continuously entering and leaving Golgi
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structures as they cycle constitutively through the ER (Lip-
pincott-Schwartz et al., 1989; Cole et al., 1996, 1998; Storrie et
al., 1998; Zaal et al., 1999). (For nocodazole, a microtubule-
depolymerizing agent, Golgi proteins are unable to cycle
back to the centrosomal Golgi structure after cycling
through the ER, so these proteins accumulate in new Golgi
structures [i.e., fragments] near ER export domains; Cole et
al., 1996). Because during mitosis, cytoplasmic microtubules
undergo depolymerization (to make tubulin available for
forming the spindle apparatus) and ER export is inhibited
(Warren et al., 1983; Farmaki et al., 1999; Prescott et al., 2001),
proponents of the ER-dependent model argue that these
changes are sufficient causal factors for mediating Golgi
disassembly during mitosis.

One approach for distinguishing between these two mod-
els of Golgi inheritance has been to characterize the mitotic
Golgi haze found in metaphase. Whereas mitotic haze in the
autonomous model represents free vesicles formed by ve-
siculation of Golgi stacks, in the ER-dependent model it
represents a merged ER–Golgi compartment. Electron mi-
croscopy studies have reported the presence of Golgi en-
zymes in mitotic ER (Thyberg and Moskalewski, 1992;
Farmaki et al., 1999; Zaal et al., 1999), but it is unclear
whether the enzymes were relocated from the Golgi or were
a product of new synthesis, so the findings do not distin-
guish between the two inheritance strategies. More recent
work using filipin to fragment ER in mitotic cells showed
that Golgi proteins did not redistribute with ER proteins into
ER fragments (Axelsson and Warren, 2004), which favors the
autonomous inheritance model. A concern with these exper-
iments, however, is that filipin is a cholesterol-extracting
reagent, so it could affect Golgi and ER proteins differen-
tially within ER membranes (Rothberg et al., 1990; Ilangu-
maran and Hoessli, 1998). Moreover, the Golgi lipid marker
BODIPY ceramide was found to redistribute into the ER
during mitosis (Axelsson and Warren, 2004), which favors
the ER-dependent inheritance model.

A different approach has used rapamycin as an assay to
trap Golgi proteins modified with FK506-binding protein
(FKBP) with ER proteins tagged with FKBP-rapamycin-as-
sociated-protein in the ER during mitosis (Pecot and Malho-
tra, 2004). Results using this assay revealed that when mi-
totic cells expressing the modified Golgi and ER proteins
were exposed to rapamycin, the Golgi proteins were not
trapped in the ER, whereas in cells exposed to BFA treat-
ment and washout the Golgi proteins became trapped in the
ER. This suggests that Golgi and ER proteins normally do
not mix during mitosis. This interpretation, however, is not
without difficulties. Mitotic cells are in the stage of mitosis
where Golgi and ER enzymes are proposed to fully mix (i.e.,
metaphase) for only �10 min (Zaal et al., 1999), so FKBP–
Golgi proteins may not have been in the ER long enough for
them to complex with ER proteins so that rapamycin could
rapidly stabilize them. This would explain why ER entrap-
ment of Golgi proteins in rapamycin-treated cells was ob-
served only when cells were treated for 60 min with BFA
(which induces complete mixing of Golgi and ER proteins)
prior to rapamycin treatment. It further would explain why
no ER entrapment of Golgi proteins was observed in cells
treated with rapamycin for 90 minutes alone (Pecot and
Malhotra, 2004), even though other treatments that block ER
export or cause Golgi proteins to misfold in the ER lead to
near complete ER entrapment of Golgi proteins within 60
minutes, because of constitutive cycling of these proteins
through the ER (Cole et al., 1998; Storrie et al., 1998; Zaal et
al., 1999; Ward et al., 2001).

To further address these issues, we have used fluores-
cence and electron microscopy combined with biophysical
techniques. This has allowed us to investigate the identity of
the membranes that Golgi proteins reside and circulate
through during mitosis and thereby to test key predictions
of the autonomous and ER-dependent models of Golgi in-
heritance. We first examine the kinetic and geographic prop-
erties of mitotic fragments seen in prometaphase and telo-
phase, examining whether these structures exchange their
content with surrounding nonfragment fluorescence and
whether they localize at ER export domains. We next exam-
ine the fate of Sar1 and Arf1, two key regulatory GTPases
whose activity is essential for maintenance of Golgi struc-
ture. Finally, we use a variety of new assays to characterize
the mitotic haze seen in metaphase. Our results support the
ER-dependent model of Golgi inheritance, in which the
membrane absorption and export activities of the ER play an
essential role in the disassembly/reassembly cycle of the
Golgi during mitosis.

MATERIALS AND METHODS

Plasmids, Cell Synchronization, and Reagents
GalT-CFP, GalT-YFP, Arf1-GFP, Arf1-CFP, Sec13-YFP, and ts045VSVG-YFP
have been described previously (Sciaky et al., 1997; Polishchuk et al., 2004;
Ward et al., 2001). Signal sequence-RFP–KDEL construct includes the bovine
preprolactin signal sequence (first 30 aa) cloned into the Nhe1/Pst1 sites of
Clontech (Mountain View, CA) pEGFP-C1 vector (this removes the green
fluorescent protein [GFP]). 5� Sal1 and 3� BamH1 sites were amplified by PCR
onto the monomeric red fluorescent protein (mRFP). The mRFP stop codon
was replaced with AAAGATGAGCTCTAAGGATCC to add a KDEL ER
retention signal, followed by a stop codon and a BamH1 sequence. The entire
construct was inserted into the Sal1 and BamH1 sites of the prolactin signal
sequence-containing vector. The signal sequence and mRFP are linked by the
sequence TGC AGT CGA CTT (encoding Cys-Ser-Arg-Leu). Anti-GFP anti-
bodies were purchased from Molecular Probes (Eugene, OR). Anti-galacto-
syltransferase antibodies were a kind gift from E. Berger (University of
Zurich, Zurich, Switzerland), anti-mannosidase II (Man II) antibodies were a
kind gift from K. W. Moremen (University of Georgia, Athens, GA), anti-sec23
antibodies were purchased from Affinity Bioreagents (Golden, CO), and
anti-Sec61� antibodies were a kind gift from Ramanujan Hegde (National
Institutes of Health, Bethesda, MD). All secondary antibodies were purchased
from Jackson ImmunoResearch Laboratories (West Grove, PA). Nocodazole
(Sigma-Aldrich, St. Louis, MO) was used at 5 �g/ml.

Transfection
All transfections were done using FuGENE 6 reagent (Roche Diagnostics,
Indianapolis, IN) according to manufacturer’s instructions.

Cell Synchronization and Mitotic Stage Identification
Cells were synchronized using 10 �g/ml aphidicolin as described previously
(Altan-Bonnet et al., 2003; Pecot and Malhotra, 2004). Cells in interphase were
identified as having uncondensed chromosomes and an intact nuclear enve-
lope. Prophase cells were defined as having condensed chromosomes and an
intact nuclear envelope. Prometaphase cells were identified as having con-
densed chromosomes and no nuclear envelope. Metaphase cells were defined
as having condensed chromosomes aligned at the metaphase plate and no
nuclear envelope. Telophase cells were identified as having condensed chro-
mosomes pulled to opposite spindle poles and having no nuclear envelope.
Cells in cytokinesis were identified as having condensed chromosomes at
opposite spindle poles, invagination of the cytokinetic furrow, and a nuclear
envelope reforming around each chromosomal mass. The extent of chromo-
some condensation/congression in cells was assessed by phase contrast light
microscopy, by coexpression of histone 2B-YFP/CFP, and/or by staining with
the DNA dye Hoechst 33342 (Altan-Bonnet et al., 2003). The status of nuclear
envelope assembly/disassembly in cells was determined by phase contrast
light microscopy.

Confocal Imaging, Temperature Control, Photobleaching
Experiments, and Quantification
All images were obtained with a Zeiss LSM 510 confocal microscope. Live
cells were held at 37°C on the microscope stage using a Nevtek air blower.
High spatial resolution images were collected with a 63�/1.4 numerical
aperture (N.A.) Plan Apochromat oil objective (Carl Zeiss, Jena, Germany),
�1.2 Airy unit pinhole aperture, and 16 line averaging. For quantitative
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imaging (i.e., measuring fluorescence recovery after photobleaching), a 40�/
1.3 N.A oil objective or a 40�/1.2 N.A. water objective was used with the
pinhole fully open (�14 Airy units) to collect fluorescence from the entire
depth of the cell. All images were collected on a 12-bit PMT (Carl Zeiss, Jena,
Germany). No saturated images were used for quantification.

For ts045VSVG experiments, the temperature of the cells on the microscope
stage was kept at 40 or 32°C by a combination of heating the stage and
microscope turret from the side with a Nevtek air blower; heating the objec-
tive with a heat collar; and heating the cell chamber and stage together with
using a cover through which water (40 or 32°C) flowed. Throughout the
course of the experiments, thermosensors placed in the media of the cells, and
the stage monitored the stability of the temperature.

In photobleaching experiments, a region of interest was selected using Zeiss
LSM510 software (Carl Zeiss) algorithms. A short, intense laser pulse was
delivered to the region of interest to bleach the fluorescence within that
region. Images were subsequently collected with lower intensity laser set-
tings.

The number of ER exit sites in a mitotic cell was calculated by counting the
number of sec13-yellow fluorescent protein (YFP)-labeled spots whose fluo-
rescence intensity exceeded that of the background cytoplasmic fluorescence
as measured by the thresholding algorithm of Zeiss LSM510 software. This
was performed from three-dimensional reconstructions of z-sectioned
(0.5-�m slice thickness) mitotic cells for every stage of mitosis (n � 20 cells).
To quantify the number of Arf1-cyan fluorescent protein (CFP) molecules on
the Golgi complex and in the cytoplasm for each stage of mitosis (n � 10
cells), we used a previously reported image processing scheme (Altan-Bonnet
et al., 2003) in which cells were cotransfected with both Arf1-CFP and GalT-
YFP to identify the Arf1 pool on the Golgi membranes. A simple image
processing method involving two regions of interest (ROIs) were used to
quantify Golgi and non-Golgi pools of Arf1-CFP and GalT-YFP. One ROI was
drawn around GalT-YFP-labeled structures and fragments (representing
Golgi labeling), and the other ROI was drawn around the rest of the cell
(representing non-Golgi labeling). During each stage of mitosis, the mean
fluorescence intensity associated with the Golgi and non-Golgi ROIs were
measured for both Arf1-CFP and GalT-YFP. The total Arf1-CFP fluorescence
associated with the Golgi was expressed as a fraction of the total cellular
fluorescence (i.e., the sum of the Golgi and non-Golgi contributions) and
normalized to the initial interphase value.

Immunofluorescence
Cells were fixed in 4% paraformaldehyde for 10 min at room temperature.
After washes in phosphate-buffered saline (PBS) and block in PBS/5% fetal
bovine serum (10 min), they were incubated in primary antibody solution in
PBS/5% fetal bovine serum/0.2% saponin for 1 h. Postwash in PBS/5% fetal
bovine serum, they were incubated with secondary antibody solution in
PBS/5% fetal bovine serum/0.2%saponin for 1 h. They were then rinsed in
PBS and mounted for microscopy.

Electron Microscopy
Man II-horseradish peroxidase (HRP) expressing mitotic normal rat kidney
(NRK) cells were shaken off the dishes and pelleted at 1000 rpm for 5 min
(Nizak et al., 2004). They were then were fixed in 4% paraformaldehyde and
0.5% glutaraldehyde for 4 h at room temperature and incubated 35 min with
diaminobenzidine tetrahydrochloride (0.25 mg/ml; Sigma-Aldrich) and
0.003% H2O2 (Sigma-Aldrich) in phosphate-buffered solution at pH 7.4. Cells
were then incubated in 2.5% glutaraldehyde buffer in sodium cacodylate (0.1
M) at pH 7.4 and placed at 4°C for at least 24 h. Cells were washed by several
changes of 0.1 M sodium cacodylate buffer and postfixed 1 h at room tem-
perature in reduced osmium (1:1 mixture of 2% aqueous osmium tetroxide
and 3% aqueous potassium ferrocyanide, according to the Karnovsky proce-
dure). After postfixation, cells were pre embedded in agar (2%), dehydrated
in ethanol, and processed for Epon embedding. Thin (80-nm) sections were
cut and collected on copper grid and stained with lead citrate (2 min).

For conventional transmission electron microscopy, cells were fixed over-
night at 4°C in 2.5% glutaraldehyde in sodium cacodylate buffer. Cells were
then rinsed and postfixed 1 h at room temperature in reduced osmium (1:1
mixture of 2% aqueous potassium ferrocyanide) as described previously by
Karnovsky (1971). After postfixation, the cells were processed as described for
Man II-HRP. Sections were then examined with a CM 10 Philips electron
microscope at 80 kV.

RESULTS

Characterization of Fluorescent Golgi Marker
As Golgi marker, we used an Y/CFP-tagged version of the
N-linked glycoprotein-processing enzyme galactosyltrans-
ferase (GalT) that distributes throughout the Golgi stack
(Sciaky et al., 1997). In creating this construct (denoted GalT-
Y/CFP), GalT’s catalytic domain was substituted with a
single Y/CFP, a modification previously shown not to affect

the enzyme’s distribution within the Golgi (Sciaky et al.,
1997; Polishchuk et al., 2004) or its response to pharmaco-
logical treatments affecting the Golgi (Ward et al., 2001;
Altan-Bonnet et al., 2003; Polishchuk et al., 2004). In cells
transiently expressing GalT-CFP, the construct was localized
primarily to perinuclear Golgi structures, with identical la-
beling seen when observed either by CFP fluorescence or by
Cy5-labeled anti-GFP immunofluorescence (Figure 1A).
Dim, non-Golgi fluorescence was also observed, which
probably corresponds to GalT-CFP molecules in the ER, the
site where Golgi enzymes are synthesized and through
which the enzymes constitutively recycle (Cole et al., 1996,
1998; Storrie et al., 1998; Miles et al., 2001; Ward et al., 2001).
When quantified, the non-Golgi fluorescence represented
roughly 20% of total cellular fluorescence based on measure-
ments in cells transiently expressing GalT-CFP at a range of
expression levels (i.e., from 1 to 10 times the lowest level)
(Figure 1B, black bars). Comparable non-Golgi labeling was
detected by anti-GFP antibody (Figure 1B, red bars). Non-
Golgi fluorescence representing �20% of total cellular fluo-
rescence (with Golgi labeling representing 80%) was also
observed in a stable cell line expressing GalT-CFP (Figure
1B, blue bars), indicating that the sizes of the Golgi and
non-Golgi pools of GalT-CFP were not related to the mode
of GalT-CFP expression in cells. An endogenous Golgi en-
zyme, mannosidase II, when labeled using antibodies and
quantified, likewise showed two pools (i.e., Golgi and non-
Golgi) with the non-Golgi pool representing �20% and the
Golgi pool representing �80% of total cellular labeling (Fig-
ure 1B, green bars). Moreover similar sizes of Golgi and
non-Golgi pools of mannosidase II and GalT-CFP were also
observed when they were quantified within the same cell
(Supplemental Figure S1). This indicated that the distribu-
tion of GalT-CFP in Golgi and non-Golgi pools was not
unique but was characteristic of endogenous Golgi enzymes.

The Golgi and non-Golgi fluorescent pools of GalT-C/YFP
seemed to be maintained through constitutive ER–Golgi
cycling pathways because photobleaching Golgi fluores-
cence, leaving non-Golgi fluorescence intact, in cyclohexim-
ide-treated cells resulted in Golgi and non-Golgi fluores-
cence returning within 2 h to similar percentages of total
cellular fluorescence as observed before bleaching (i.e., Golgi
80% and non-Golgi 20%) (our unpublished data) as reported
previously (Ward et al., 2001). This suggested that GalT-C/
YFP was not retained in the Golgi but could cycle between
Golgi and non-Golgi locations.

Only Preexisting Pools of GalT-YFP Contribute to the
Observed Changes in Golgi Protein Localization during
Mitosis
We imaged single cells expressing GalT-YFP progressing
through mitosis (Figure 1C) and found that GalT-YFP-la-
beled Golgi membranes followed the same sequence of mi-
totic Golgi disassembly and reassembly as observed using
antibodies to the endogenous Golgi enzyme mannosidase II
(Supplemental Figure S2), or other Golgi markers in mam-
malian cells (Lucocq et al., 1987, 1988; Shima et al., 1998; Zaal
et al., 1999; Altan-Bonnet et al., 2003). Early during prophase,
the Golgi ribbon marked by GalT-YFP redistributed from its
original perinuclear position to numerous large fragments
surrounding the cell nucleus (Figure 1C, prophase). As
prophase progressed into prometaphase, smaller Golgi frag-
ments then occurred throughout the cell (Figure 1C, promet-
aphase). These fragments were relatively stationary in the
cytoplasm (suggesting they are associated with some under-
lying structure) (Figure 1E), and persisted until metaphase
when many of them disappeared and became replaced by
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mitotic Golgi haze dispersed uniformly across the cell (Fig-
ure 1C, metaphase). In telophase, Golgi fragments first re-
appeared throughout the cell and then coalesced into cen-
tralized Golgi structures during cytokinesis (Figure 1C,
telophase and cytokinesis).

Given the observed changes in GalT-YFP distribution dur-
ing mitosis, we asked whether they reflected only the be-
havior of preexisting pools of GalT-YFP or whether they
required newly synthesized and/or folded molecules. This
question was important because previous studies have sug-
gested that GFP-tagged Golgi enzymes observed in mitotic
Golgi haze and/or fragments might be partially derived
from newly synthesized and/or folded pools of these pro-
teins in the ER (Jokitalo et al., 2001; Prescott et al., 2001). To
address this issue, we photobleached all GalT-YFP fluores-
cence within a cell in early prophase and then examined
whether any new fluorescence reappeared in the cell as it
progressed through mitosis (Figure 1D). Because no signif-
icant fluorescence reappeared, we concluded that the
changes in GalT-YFP distribution observed during mitosis
reflected the movements of preexisting, fluorescent GalT-
YFP molecules in the cell.

Golgi Enzymes Rapidly Cycle In and Out of
Prometaphase Fragments
We next investigated using a photobleaching approach
whether Golgi enzymes within prometaphase fragments
were capable of moving in and out of these structures. In the
autonomous model, prometaphase fragments function as
autonomous structures, so their content of Golgi enzymes
should be retained until lost through vesicle shedding. On
photobleaching an individual fragment, therefore, no signif-
icant fluorescence recovery into the Golgi fragment is pre-
dicted. In the ER-dependent model, on the other hand, the
contents of Golgi fragments are continually being received
from and recycled back to the ER. Hence, upon photobleach-
ing an individual fragment, fluorescence in the fragment is
predicted to recover.

When we photobleached an individual mitotic Golgi frag-
ment in a prometaphase cell and monitored fluorescence
recovery into the fragment, we observed rapid recovery of
fluorescence (Figure 1E). When quantified, the results re-
vealed that within 2 min after photobleaching, the majority
of the fragment’s prebleach fluorescence was restored (Fig-
ure 1F). As other prometaphase fragments maintained their

Figure 1. Golgi proteins distribute between
Golgi and non-Golgi membranes in inter-
phase and rapidly cycle in and out of mitotic
fragments during prometaphase. (A) NRK
cells transiently expressing GalT-CFP were
fixed and immunostained with a primary an-
tibody against GFP and a Cy5-tagged second-
ary antibody. Left, distribution of CFP fluo-
rescence. Right, Cy5 fluorescence in the same
cell. Note the two labeling patterns are iden-
tical. (B) Golgi-associated and non-Golgi-as-
sociated fluorescence were quantified in indi-
vidual cells by measuring the mean
fluorescence per pixel within each region,
subtracting background noise and multiply-
ing by the total area of each region. The plot
shows the relative sizes of the two pools for
cells transiently expressing GalT-CFP (n � 10;
black bars), cells immunostained with anti-
bodies to CFP- and Cy5-labeled secondary
antibodies (n � 20; red bars), cells stably ex-
pressing GalT-CFP (n � 10; blue bars), and
cells that were fixed and immunostained with
antibodies against native mannosidase II (n �
20; green bars). (C) Time-lapse images of a
single NRK cell transiently expressing GalT-
YFP progressing through mitosis. (D) The
prebleach image shows an NRK cell tran-
siently expressing GalT-YFP entering mitosis.
The entire cell was photobleached in the out-
lined red area, and cell fluorescence was mon-
itored. Postbleach images at representative
stages of mitosis are shown. Fluorescence was
monitored with a wide pinhole setting (14
Airy units with a 40�/1.3 N.A. objective) to
collect fluorescence from the entire depth of
the cell over the course of mitosis. Note no
significant fluorescence reappeared as the cell progressed through to cytokinesis, suggesting that newly synthesized GalT-YFP and newly
folded YFP did not contribute significant fluorescence to the cells during mitosis. (E) The prebleach image shows an NRK cell expressing
GalT-YFP in prometaphase (top) or after treatment with nocodazole for 2 h (bottom). A region of interest containing Golgi fragments
(outlined in white) was photobleached. Postbleach images collected at representative time points with a wide pinhole confocal setting
(40�/1.3 N.A.; �14 Airy units) are shown. The insets show the photobleached region of interest at high magnification. (F) Fluorescent
intensity of an individual prometaphase fragment (top) or nocodazole fragment (bottom) was measured at 15-s time intervals in a similar
experiment as in G and plotted as a percentage of initial prebleach fluorescence in the fragment (after subtraction of background
fluorescence). Recovery of fluorescence into the bleached prometaphase fragment occurred more rapidly than into the bleached nocodazole
fragment. Bars, 5 �m.
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fluorescence intensity over this time period (and did not
show a similar increase in fluorescence intensity as observed
in the photobleached fragment), the observed recovery into
the photobleached fragment represented a replacement of
bleached molecules moving out of the fragment by fluores-
cent molecules moving into it. Hence, Golgi proteins, such as
GalT-YFP, do not remain in a prometaphase fragment for
any significant time period but are continuously entering
and leaving fragments on a rapid time scale.

Enzyme Cycling In and Out of Prometaphase Fragments
Compared with That of Nocodazole Fragments
Golgi membrane proteins in interphase cells continuously
enter and leave Golgi structures as they cycle constitutively
through the ER (Cole et al., 1998; Storrie et al., 1998; Miles et
al., 2001; Ward et al., 2001). We aimed, therefore, to compare
the rate of this cycling with that of Golgi proteins cycling in
and out of prometaphase Golgi fragments in mitotic cells. To
accomplish this, we first depolymerized microtubules with
nocodazole in cells expressing GalT-YFP, which inhibits
transport of pre-Golgi transport intermediates toward the
centrosome, causing the existing perinuclear Golgi ribbon to
shrink while new Golgi fragments form near ER export
domains because of constitutive recycling of Golgi proteins
through the ER (Cole et al., 1996; Storrie et al., 1998; Dreck-
trah and Brown, 1999). We then photobleached a single
Golgi fragment in these cells and measured the rate of
fluorescence recovery (Figure 1, E and F). Near complete
recovery of fluorescence into the nocodazole fragment oc-
curred, but the rate (t1/2 of �65 min) was significantly
slower than that of a prometaphase fragment (t1/2 of �2
min). This indicated, therefore, that enzyme cycling in and
out of Golgi structures is accelerated in prometaphase cells.

Prometaphase Fragments Localize Near ER Export
Domains as Tubule Clusters
To determine whether Golgi enzyme cycling in and out of
prometaphase Golgi fragments took place in areas near ER
export domains, as occurs in nocodazole-treated cells (Cole
et al., 1996; Hammond and Glick, 2000; Storrie et al., 1998),
we compared the spatial arrangement of prometaphase
Golgi fragments with that of ER export domains. As reporter
for ER export domains, we used the COPII protein Sec13
(Barlowe et al., 1994) tagged with YFP (Sec13-YFP) (Ham-
mond and Glick, 2000; Ward et al., 2001). To confirm that
Sec13-YFP correctly targeted to ER export domains, we com-
pared its distribution to that of nocodazole Golgi fragments
labeled with GalT-CFP. After a 2-h treatment of interphase
cells with nocodazole to generate Golgi fragments, each
GalT-CFP-containing fragment was found to be positioned
adjacent to an ER export domain marked by Sec13-YFP
staining (Figure 2A, nocodazole). This phenotype was also
observed when Sec13-YFP-expressing cells were stained
with antibodies against native mannosidase II (Supplemen-
tal Figure S3). As a further control for Sec13-YFP being an
accurate reporter of ER exit sites, we stained cells expressing
Sec13-YFP with antibodies to a different COPII component,
Sec23p (Fu and Sztul, 2003). Both Sec13-YFP and the anti-
Sec23p antibodies labeled the same structures (Supplemen-
tal Figure S4), confirming that Sec13-YFP labeled ER export
sites. We also compared the overall number and organiza-
tion of ER exit sites detected with anti-Sec23p antibodies in
cells either expressing Sec13-YFP or not (Supplemental Fig-
ure S4). No difference in the pattern of ER exit sites was
observed, indicating that expression of Sec13-YFP did not
perturb ER exit sites.

To determine whether Golgi proteins accumulate next to
ER exit sites during mitosis, we examined the distribution of
GalT-CFP and Sec13-YFP as cells progressed through mito-

Figure 2. Prometaphase Golgi fragments localize near ER exit sites.
(A) NRK cells stably expressing Sec13-YFP were cotransfected with
GalT-CFP and the distribution of the two markers was then imaged
using a narrow pinhole confocal setting. Shown are images of a cell in
interphase (left), a cell treated with nocodazole (middle), and a cell in
prometaphase (right). Note the localization of prometaphase and no-
codazole Golgi fragments (labeled with GalT-CFP) near to ER exit sites
(labeled with Sec13-YFP). The area in the white box is enlarged in the
inset. Bar, 5 �m. (B) NRK cells expressing HRP-mannosidase II in
prometaphase were fixed, processed for immunoperoxidase labeling,
and prepared for electron microscopy. Images of mitotic Golgi frag-
ments in these cells revealed HRP labeling of vesiculotubular clusters
in proximity to ER, with no HRP-positive structures (i.e., vesicles)
observed in areas outside the vesiculoubular clusters. (C) NRK cells in
prometaphase were fixed and examined by electron microscopy with-
out HRP labeling. Mitotic vesiculoubular clusters adjacent to ER tu-
bules (arrows) are shown. (D) Image of prometaphase cell prepared as
in C showing vesiculotubular clusters and their intimate association
with ER (arrows). Ch, chromosome; m, mitochondria. Bar, 0.5 �m in
electron micrographs.
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sis. In prometaphase, a significant coalignment of GalT-CFP-
containing prometaphase fragments and Sec13-YFP-labeled
structures was observed (Figure 2A), suggesting that pro-
metaphase fragments, like nocodazole fragments, are
formed near ER export domains. Quantification of three-
dimensional reconstructions through six cells demonstrated
that 97% � 3% of all prometaphase fragments were adjacent
to ER export domains. We repeated our study using anti-
bodies to native mannosidase II in NRK cells stably express-
ing Sec13-YFP, or in NRK cells costained with antibodies to
mannosidase II and Sec23p. The Golgi–ER export site align-
ment was less obvious with the endogenous marker Sec23p
than with Sec13-YFP, possibly because of the ER exit sites
being more clustered in cells overexpressing Sec13-YFP,
which makes it easier to assign colocalization (Supplemental
Figure S4). Nevertheless, each Golgi fragment had one or
more ER export site closely associated with it.

As a further test for the proximity of prometaphase frag-
ments with ER export domains, we examined prometaphase
cells using electron microscopy. Prometaphase fragments
were identified using immunoperoxidase staining to label
the Golgi enzyme mannosidase II and were found to be
tubulovesicular clusters in close association with the ER
(Figure 2B). This observation was in agreement with previ-
ous results of Lucocq et al. (1987, 1988, 1989), in which
mitotic fragments viewed by electron microscopy were also
always near smooth ER-resembling ER export domains. In
cells whose morphology was better preserved by omitting
peroxidase labeling, ER membranes seemed to be giving rise
to the prometaphase, tubulovesicular clusters (Figure 2, C
and D). Because no small circular membrane profiles posi-
tive for immunoperoxidase staining were seen outside a
prometaphase cluster, the tubule clusters did not seem to be
giving rise to vesicles that moved out into the cytosol (Figure
2B).

Together, these results suggested that prometaphase
Golgi fragments were comprised of clusters of membrane
tubules and vesicles in close association with ER export
domains. Because nocodazole Golgi fragments also reside
near ER export domains, the results supported the view that
prometaphase fragments share some of the properties of
nocodazole-induced Golgi reorganization. One difference
between nocodazole Golgi fragments and prometaphase
fragments is that the former exist as mini-stacks at ER exit
sites (Drecktrah and Brown, 1999), whereas the later exist as
tubulovesicular clusters at these sites. This implies that pro-
metaphase cells lack the mechanism(s) responsible for re-
modeling Golgi membranes into stacks at ER export do-
mains. This could explain the second difference we observed
between nocodazole and prometaphase Golgi fragments,
which is the difference in cycling rates of Golgi enzymes into
and out of these fragments.

Behavior of Arf1 and Sar1 during Prometaphase Fragment
Generation
In interphase cells, the GTPase activities of Sar1 and Arf1
have been shown to play important roles in regulating ER
export domain morphology and membrane cycling between
ER and Golgi membranes (Altan-Bonnet et al., 2004). For
example, when Arf1 is inactive and cannot bind to mem-
branes, Golgi membrane proteins redistribute into the ER or
to ER export domains and can undergo rapid exchange
between these sites (Ward et al., 2001; Puri and Linstedt,
2003). Likewise, when Sar1 is inactive and cannot bind to
membranes, ER export domains disappear, and Golgi mem-
brane proteins redistribute completely into the ER (Miles et
al., 2001; Ward et al., 2001; Puri and Lindstedt, 2003). The

roles of Sar1 and Arf1 in Golgi maintenance in interphase
cells raised the possibility that alterations in their activities
in mitotic cells might contribute to the morphological
changes to the Golgi occurring during mitosis.

To explore this possibility, we visualized Arf1-CFP and
Sec13-YFP in cells progressing through mitosis. Because
Arf1 exists on Golgi membranes in a GTP-bound active state
and in the cytosol as a GDP-bound, inactive form (Goldberg,
1998), any redistribution of Arf1-CFP off membranes during
mitosis indicates that Arf1 GTPase activity has decreased.
Likewise, because Sec13 requires Sar1-GTPase activity to
bind to ER export domains (Barlowe et al., 1994; Miles et al.,
2001; Ward et al., 2001; Lee et al., 2004), any redistribution of
Sec13-YFP off ER export domains during mitosis suggests
that Sar1-GTPase activity has decreased.

In cells expressing Arf1-CFP or Sec13-YFP, Arf1-CFP’s
pool on the Golgi decreased and pool in the cytoplasm
increased in prophase before any significant change in
Sec13-YFP labeling of ER exit sites occurred (Figure 3, A and
B, prophase). By prometaphase, Golgi-associated Arf1-CFP
(i.e., on prometaphase fragments) decreased even further, to
20% of interphase levels. Because Sec13-YFP-positive struc-
tures had only declined to 50% at this stage of mitosis, the
data suggested that before complete ER exit site disassembly
in mitosis (Farmaki et al., 1999; Prescott et al., 2001; Stephens,
2003), Arf1 had largely redistributed into the cytoplasm and
become inactive. At metaphase, Arf1-CFP and Sec13-YFP
were both almost entirely cytoplasmic, as reported previ-
ously using techniques that included fluorescence correla-
tion spectroscopy (Altan-Bonnet et al., 2003) and biochemical
fractionation and light microscopy (Hammond and Glick,
2000; Prescott et al., 2001; Stephens, 2003). This suggested
that during metaphase, Arf1 is inactive and ER exit sites are
disassembled.

These data were consistent with the possibility that de-
creased Arf1 activity on Golgi membranes contributes to the
kinetic properties of prometaphase fragments (i.e., their
more rapid exchange of membrane content, and tubule clus-
ter rather than stacked morphology). The following specu-
lative scenario, therefore, could be responsible for promet-
aphase fragment generation. As cells progress from
prophase to prometaphase, decreased Arf1 activity (and its
downstream effects) would disrupt Golgi stack formation
and lead to accelerated retrograde traffic of Golgi proteins;
microtubule depolymerization during this period combined
with continued Sar1 activity would then lead to cycling
Golgi proteins accumulating near ER export domains as
tubulovesicular clusters.

Characteristics of Telophase Golgi Fragments
We next studied the properties of telophase Golgi frag-
ments, which have been shown to emerge from the mitotic
Golgi haze of metaphase (Shima et al., 1998; Zaal et al., 1999;
Altan-Bonnet et al., 2003; Axelsson and Warren, 2004; Pecot
and Malhotra, 2004). Electron microscopy of cells in telo-
phase revealed that the telophase fragments closely resem-
bled prometaphase fragments in that they occurred as clus-
ters of tubules located adjacent to and in some cases
occurring as emerging from the ER (Figure 4A). The close
association with ER exit sites was confirmed at the light
microscopy level, in which virtually all GalT-CFP-contain-
ing fragments were positioned close to sites labeled with
Sec13-YFP (Figure 4B). Time-lapse movies tracking the
movement of these fragments revealed that before microtu-
bule repolymerization in late telophase, the fragments were
relatively immobile within cells (Figure 4C), as found for ER
exit sites (Hammond and Glick, 2000; Stephens, 2003). Fur-
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thermore, upon photobleaching an individual fragment con-
taining GalT-YFP, there was rapid recovery of GalT-YFP
fluorescence back into the fragment (Figure 4D). This indi-
cated that Golgi enzymes reside in telophase fragments only
briefly before cycling out of these structures to surrounding
membranes (such as ER). Hence, telophase Golgi fragments
exhibited morphological and kinetic properties that are sim-
ilar to prometaphase Golgi fragments.

To determine the sequence of telophase Golgi fragment
formation relative to ER exit site biogenesis at the end of
mitosis, we performed dual time-lapse imaging of cells co-
expressing GalT-CFP and Sec13-YFP as they progressed
from metaphase through cytokinesis (Figure 5A and Sup-
plemental Figure S5 movie). As early as late metaphase,
Sec13-YFP was seen reassociating with punctate structures
in the cytoplasm. The reassociation continued through telo-
phase, when the pool of membrane-bound Sec13-YFP
reached the steady-state level observed in interphase. There
was minimal GalT-CFP labeling of punctate structures until
telophase, and the labeled structures all were localized ad-
jacent to puncta containing Sec13-YFP (Figure 5A and Sup-
plemental Figure S5 movie). Dual time-lapse imaging of
cells expressing Arf1-CFP and Sec13-YFP (Figure 5B) re-
vealed that Arf1-CFP also reassociated with membranes af-
ter Sec13-YFP. Notably, Arf1-CFP membrane reassociation
coincided with telophase Golgi fragment generation (con-
taining GalT-YFP) near ER exit sites (Figure 5, B and C),
suggesting the membrane reassociation of Arf1 was related
to GalT-CFP emergence from ER. By cytokinesis, Sec13-YFP,
Arf1-CFP, and GalT-YFP all were located in punctate struc-
tures and many of these had an overlapping pattern of
distribution (Figure 5, A and C).

Together, these findings suggested that telophase Golgi
fragments grow out from ER export domains at the end of

mitosis. This process occurs after ER exit sites are reassem-
bled and coincides with Arf1 recruitment onto the newly
forming structures and their import of Golgi enzymes.

Analysis of Mitotic Golgi Haze
Our findings suggesting that Arf1 and Sar1 undergo sequen-
tial inactivation during prometaphase fragment formation
and sequential reactivation during telophase fragment for-
mation led us to ask whether in metaphase—when Arf1 and
Sar1 both seem to be inactive—Golgi proteins reside in ER
membranes. This question is relevant because when Arf1
and Sar1 are inactive during interphase, Golgi proteins re-
distribute into the ER (Storrie et al., 1998; Miles et al., 2001;
Ward et al., 2001; Puri and Linstedt, 2003). Although previ-
ous work has provided evidence consistent with Golgi pro-
teins redistributing into the ER during metaphase (Thyberg
and Moskalewski, 1992; Zaal et al., 1999), more recent phar-
macological and morphological studies (Axelsson and War-
ren, 2004; Pecot and Malhotra, 2004) have argued the con-
trary based on findings that 1) Golgi proteins do not
colocalize with Golgi markers before or after mitotic ER is
fragmented with filipin (Axelsson and Warren, 2004), and 2)
Golgi proteins capable of forming a complex within the ER
in the presence of rapamycin are not trapped in the ER upon
addition of rapamycin to mitotic cells (Pecot and Malhotra,
2004). To determine whether this contrary data can be rec-
onciled with the view that Golgi inheritance is mediated
through ER export activities, we performed three types of
experiments designed to discern whether mitotic haze has
properties of ER.

In our first experiment, we examined mitotic Golgi haze
by high-resolution confocal microscopy in cells expressing
GalT-YFP. We started this experiment by photobleaching all
non-Golgi fluorescence before the cell’s entry into mitosis

Figure 3. Arf1 and Sec13 sequentially redis-
tribute into the cytosol as cells progress from
prophase to metaphase. (A) NRK cells ex-
pressing Arf1-CFP and Sec13-YFP were im-
aged as they progressed from interphase
through mitosis. A wide-open pinhole confo-
cal setting (14 Airy units with a 40�/1.3 N.A.
objective) was used to collect fluorescence
from the entire cell depth. Selected images
during interphase, prophase, prometaphase,
and metaphase are shown. Note that at pro-
metaphase very little Arf1-CFP was associ-
ated with subcellular structures, whereas a
large fraction of Sec13-YFP was associated
with ER exit sites. This indicated that during
mitosis Arf1-CFP redistributed into the cy-
tosol sooner than Sec13-YFP. Bars, 5 �m. (B)
Time-lapse images of individual NRK cells
coexpressing Arf1-CFP and GalT-YFP (GalT-
YFP was used to identify the Golgi mem-
brane) (n � 10 cells) or expressing Sec13-YFP
alone (n � 20) were collected as the cells
progressed through mitosis. The fluorescence
from Arf1-CFP (black bars) and Sec13-YFP
(gray bars) at different stages of mitosis were
quantified (described in Materials and Meth-
ods) and plotted in a histogram. The data
showed that Arf1-CFP was lost from Golgi
membranes before ER export domains la-
beled with Sec13-YFP disappeared.
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(Figure 6A). This ensured that fluorescence within the mi-
totic haze came only from GalT-YFP fluorescence associated
with the Golgi ribbon. Fluorescence from newly synthesized
GalT-YFP fluorescence and/or YFP folding was not a factor
in these experiments because when an entire cell entering
mitosis was photobleached, no fluorescence reappeared
over the time period of the experiment (Figure 1D).

After photobleaching non-Golgi fluorescence in the
above-mentioned manner, we performed time-lapse confo-
cal imaging to follow the fate of the fluorescent Golgi pool
during mitosis (Figure 6B, postbleach). By metaphase, the
fluorescence had redistributed into small punctate struc-
tures in addition to a diffuse haze-like pattern when ob-
served using a wide-open confocal aperture (Figure 6B, wide
pinhole). To resolve the haze, we imaged the same cell by
closing down the confocal aperture to �1.2 Airy units (Fig-
ure 6B, narrow pinhole). This minimized out-of-focus light
and maximized in-focus light collection (Pawley, 1995). Un-
der these microscope settings, the metaphase haze resolved
into a fine reticulum that extended throughout the cyto-
plasm, including the area between the two spindle poles
(Figure 6B, inset).

To determine whether the fine reticulum corresponded to
ER, we used the optimized imaging settings to compare the
distribution of GalT-CFP with ss-RFP-KDEL, (an exclusively
lumenal ER marker with no Golgi pool; Supplemental Fig-
ure S6) in an NRK cell progressing through mitosis that
coexpressed these markers (Figure 6C). In prometaphase as
well as metaphase, GalT-CFP was readily seen in reticular
elements that significantly overlapped with those labeled by
the ER marker. Because the images for GalT-CFP and ss-
RFP-KDEL were collected sequentially rather than simulta-
neously (with each image requiring �3–5 s to collect), and
membranes within the cell were moving, perfect overlap

between the reticular patterns was impossible. Nevertheless,
the patterns were very similar (Figure 6C, inset, metaphase).
During telophase, the two markers still seemed to be within
the same tubular network with parts of the network invad-
ing the spindle/chromatin area. The observed codistribution
of both markers in tubule elements projecting into the spin-
dle region (Figure 6C, telophase) contrasted with previous
light microscopy studies reporting only Golgi proteins lo-
calized to this area (Jesch et al., 2001; Axelsson and Warren,
2004). Given the EM and light-level studies demonstrating
the presence of ER in the spindle region (Chaldakov and
Vankov, 1985; Waterman-Storer et al., 1993; Terasaki, 2000),
one possible explanation for why the previous reports (Jesch
et al., 2001; Axelsson and Warren, 2004) did not see signifi-
cant pools of ER markers in the spindle region by light
microscopy is that transmembrane proteins were used as
markers for the ER rather than a soluble, lumenal ER marker
(which was used in our study). If some transmembrane ER
markers were confined to the rough ER during mitosis and
the rough ER was less enriched in the spindle region, then
this might explain why the transmembrane ER markers
appeared depleted from the spindle region.

Immunofluorescence experiments using antibodies
against native galactosyltransferase and Sec61�, an ER inte-
gral protein, gave similar overall results to those found
using GalT-CFP and ss-RFP-KDEL. However, the labeling
intensity for Sec61� was slightly weaker than that of GalT in
the tubular projections within the spindle region (Figure
6D). This is consistent with the previous reports for a differ-
ential distribution of rough ER and Golgi transmembrane
markers in the spindle region, and suggests that rough ER
membrane markers are differentially distributed within the
ER of mitotic cells—unlike lumenal ER markers that freely
diffuse (such as ss-RFP-KDEL). Whether this arises because

Figure 4. Characterization of mitotic Golgi fragments seen
in telophase. (A) Electron microscopy of mitotic Golgi frag-
ments observed during telophase. Note the proximity of
mitotic vesiculotubular clusters to ER. Ch, chromosome. Bar,
0.2 �m. (B) Mitotic NRK cells coexpressing GalT-CFP and
Sec13-YFP were imaged during telophase using a narrow
pinhole confocal setting. The area in the white box is en-
larged in the inset. Note the coalignment of telophase Golgi
fragments labeled with GalT-CFP and ER export domains
labeled with Sec13-YFP. Bar, 5 �m. (C) An NRK cell express-
ing GalT-CFP in telophase was imaged every 1.2 s over 3
min using a wide pinhole confocal setting, and the images
were merged into a single file (left). The trajectories of five
fragments (outlined in white) were analyzed using particle
track algorithm of NIH Image software and are plotted in
black (right). Bar, 5 �m. (D) A region of interest containing
a fragment (outlined in white) was selectively photo-
bleached in a telophase cell expressing GalT-YFP. Images
were collected every 20 s with a wide pinhole confocal
settings. Note the rapid recovery of fluorescence (within
80 s) into the photobleached region of interest. Bar, 5 �m.
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of a differential lipid environment in the spindle ER region
or because of physical restrictions (i.e., the abundance of
microtubules) remains to be investigated.

In our second experiment, we used treatments that per-
turb ER structure to determine whether they similarly af-
fected the distribution of ER and Golgi markers. To accom-
plish this, we fragmented mitotic ER by altering calcium
levels in cells using the calcium ionophore ionomycin, which
has been widely used to fragment the ER and to produce
disconnected ER elements (Subramanian and Meyer, 1997;
Park et al., 2000; Olah et al., 2001). We then looked to see
whether Golgi and ER markers codistributed in the ER
fragments and whether these markers became immobilized
as a consequence.

Cells were cotransfected with GalT-CFP and ss-RFP-
KDEL to visualize both Golgi and ER markers. Before the
cell’s entry into mitosis, GalT-CFP fluorescence outside the
Golgi region-of-interest was removed by photobleaching.
This ensured that only Golgi-derived GalT-CFP was being
visualized in these experiments. Cells were then allowed to
proceed undisturbed through mitosis until late promet-
aphase, whereupon ionomycin was added for 10 min to the
medium. After treatment, high-resolution images of both
GalT-CFP and ss-RFP-KDEL were acquired using a narrow
pinhole setting (1.2 Airy units) on the confocal microscope.
As expected, the ER became completely fragmented in the
ionomycin-treated cells, with ss-RFP-KDEL localized in
small structures scattered throughout the cytoplasm (Figure
7A, ionomycin). Furthermore, no recovery of ss-RFP-KDEL
fluorescence into a photobleached strip occurred in these
cells (Figure 7B, ionomycin) unlike in untreated cells where
recovery was rapid (Figure 7B, untreated). This indicated
that ionomycin treatment caused ER continuity to be lost.
Notably, in virtually all puncta containing ss-RFP-KDEL, a
significant amount of GalT-CFP was also detected (�85%,
n � 3 cells), and no diffusely distributed GalT-CFP (i.e.,
mitotic Golgi haze) remained (Figure 7A). GalT-CFP fluo-
rescence did not recover into puncta when they were pho-
tobleached (Figure, 7B, ionomycin), in contrast to full recov-
ery of GalT-CFP in untreated cells at this stage of mitosis
(Figure 7B, untreated). A proportion of GalT-CFP was also
found in fragments distinct from those containing ss-RFP-
KDEL (Figure 7A, ionomycin, arrowheads). These fragments
likely correspond to Golgi fragments seen in untreated pro-
metaphase cells (Figure 7A, untreated, arrowheads). Given
that mitotic Golgi haze disappears and its fluorescence re-
distributes into fragments containing ER proteins upon ER
fragmentation by ionomycin treatment, the data supported
the view that mitotic Golgi haze represents ER rather than
dispersed Golgi vesicles.

In our third experiment aimed at identifying mitotic Golgi
haze, we used the well-characterized, thermoreversible fold-
ing mutant of vesicular stomatitis virus known as
ts045VSVG as a tool for determining whether molecules
localized in the Golgi at the time of mitotic Golgi breakdown
are retrieved to the folding/misfolding environment of the ER.
At 40°C, ts045VSVG misfolds, forms noncovalently associated
aggregates and is retained within the ER (Doms et al., 1987).
When the temperature is decreased to 32°C, the aggregates
disassemble, and ts045VSVG exits the ER normally (de Silva et
al., 1990). Significantly, ts045VSVG that has exited the ER is not
thermosensitive, whereas ts045VSVG returned to the ER can
reaggregate at 40°C and become trapped in the ER (Cole et al.,
1998; Mezzacasa and Helenius, 2002).

NRK cells were cotransfected with GalT-CFP and
ts045VSVG-YFP and were kept at 40°C during synchroniza-
tion to the G1/S boundary by aphidicolin treatment (Altan-

Figure 5. Dynamics of GalT-CFP, Sec13-YFP, and Arf1-CFP during
exit from mitosis. (A) A single NRK cell stably expressing Sec13-YFP
and cotransfected with GalT-CFP progressing through mitosis was
imaged with a wide pinhole confocal setting. Representative images of
the cell in metaphase, anaphase, telophase, and cytokinesis are shown.
Arrows point to the telophase fragments containing both Sec13-YFP
and GalT-CFP labeling. Note that Sec13-YFP labeling preceded GalT-
CFP labeling of the fragments (Supplemental Figure S5 movie). (B)
Representative confocal images of metaphase, anaphase, telophase,
and cytokinesis from a single NRK cell stably expressing Sec13-YFP
and cotransfected with Arf1-CFP progressing through mitosis are
shown. Arrows point to telophase fragments containing both Sec13-
YFP and Arf1-CFP. Note that Sec13-YFP reassociated with the punctate
fragments before Arf1-CFP. (C) Representative confocal images of
metaphase, anaphase, telophase, and cytokinesis from a single NRK
cell cotransfected with Arf1-CFP and GalT-YFP progressing through
mitosis are shown. Arrows point to telophase fragments containing
both Arf1-CFP and GalT-YFP. Note that both Arf1-CFP and GalT-YFP
reassociated with fragments only during telophase. Bars, 5 �m.
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Bonnet et al., 2003; Pecot and Malhotra, 2004). Aphidicolin
was washed out while cells were kept at 40°C (see scheme in
Figure 8A). At 7.5 h after washout, when cells soon would
enter mitosis, the temperature was shifted down to 32°C.
This allowed ts045VSVG-YFP to properly fold and be re-
leased into the secretory pathway. Once cells had begun to

enter mitosis and a significant pool of ts045VSVG-YFP had
accumulated in the Golgi (�15 min after temperature shift),
all non-Golgi fluorescence was removed by photobleaching.
This ensured only Golgi-derived ts045VSVG-YFP was fol-
lowed during the experiment. The temperature was then
either maintained at 32°C or shifted to 40°C, and time-lapse

Figure 6. Distributions of Golgi enzymes
and ER markers during mitosis. (A) Diagram
of bleaching protocol in which the area sur-
rounding the Golgi is selectively photo-
bleached to remove all non-Golgi fluores-
cence in the cell. The non-Golgi area was
photobleached rapidly (�15 s) with a high-
intensity laser beam. (B) A single NRK cell
transiently expressing GalT-YFP imaged in
interphase and metaphase after the photo-
bleaching protocol described in A. The im-
ages were obtained using either a wide pin-
hole (�8 Airy units with 63�/1.4 N.A.
objective) (top) or narrow pinhole (1.2 Airy
units with 63�/1.4 N.A. objective) (bottom).
The area in the white box is enlarged to show
the gain in resolution of subcellular structures
when the pinhole is narrowed. (C) GalT-CFP
and ss-RFP-KDEL distributions in an NRK
cell undergoing mitosis. Images were ob-
tained using a narrow pinhole (1.2 Airy units
with 63�/1.4 N.A. objective). (D) Nonsyn-
chronized HeLa cells were fixed and immu-
nostained with antibodies against native
Sec61� and galactosyltransferase. Interphase
and metaphase stage cells were selected and
imaged on a confocal microscope with a narrow pinhole (1.2 Airy units with 63�/1.4 N.A. objective). Representative images from 10 cells
each of interphase and metaphase stage are shown. Bars, 5 �m.

Figure 7. Golgi and ER markers codistribute when the ER is fragmented with ionomycin. (A) HeLa cells coexpressing GalT-CFP and
ss-RFP-KDEL entering mitosis were identified and the non-Golgi pool of GalT-CFP fluorescence was photobleached (as shown in Figure 6A).
Once the cells had entered late prometaphase/metaphase, they were incubated with or without 10 �g/ml ionomycin for �10 min. The
distribution of GalT-CFP and ss-RFP-KDEL was then imaged using a narrow pinhole confocal setting (1.2 Airy units with 63�/1.4 N.A.
objective). The area in the white box is enlarged to show the coalignment of fragments containing GalT-CFP and ss-RFP-KDEL. Arrowheads
point to mitotic fragments that contain GalT-CFP but not ss-RFP-KDEL (which are seen in both treated and untreated cells). (B) Cells
coexpressing GalT-YFP and ss-RFP-KDEL were treated with or without ionomycin as described above. A region of interest was photo-
bleached (see diagram), and recovery into the photobleached area was monitored over time with a wide pinhole confocal setting (�14 Airy
units with 40�/1.3 N.A. objective). The recovery rates are plotted.
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images of both GalT-CFP and ts045VSVG-YFP were ac-
quired as the cells progressed through mitosis (Figure 8, B
and C). Our working assumption was that if Golgi mem-
branes mix with ER at any time during mitosis, then in cells
shifted to and maintained at 40°C, ts045VSVG-YFP will be-
come trapped in the ER and fail to reassociate with Golgi
membranes at the end of mitosis. On the other hand, if Golgi
membranes remain distinct from ER membranes during mi-
tosis, then at the end of mitosis in cells incubated at 40°C,
vesicles containing ts045VSVG-YFP should fuse back into
Golgi structures and ts045VSVG then should be transported
to the plasma membrane.

In cells maintained at 32°C or shifted to 40°C, Golgi-
localized pools of ts045VSVG-YFP and GalT-CFP redistrib-
uted into a widely dispersed pattern (i.e., mitotic haze) as
the cells progressed into metaphase (Figure 8, B and C). At
the end of mitosis, ts045VSVG-YFP in cells at 32°C redistrib-
uted into newly forming Golgi structures before moving to
the plasma membrane (Figure 8C). In cells at 40°C, by con-
trast, ts045VSVG-YFP failed to reassociate with newly form-
ing Golgi elements (labeled with GalT-CFP) and remained
diffusely localized (Figure 8B). This result is explained if
ts045VSVG-YFP molecules had redistributed into the ER
during mitosis and upon shift to 40°C had undergone mis-
folding and retention in this compartment. Consistent with
this hypothesis, if the temperature was shifted from 40°C
back to 32°C in cells undergoing cytokinesis, ts045VSVG-
YFP molecules rapidly redistributed from their diffuse dis-
tribution into Golgi structures (Figure 8B). Control experi-
ments showed that 1) newly synthesized and/or newly
folded ts045VSVG-YFP molecules played no role in the ob-
served changes in ts045VSVG-YFP distribution because pho-
tobleaching all ts045VSVG-YFP within cells resulted in no
fluorescence recovery during the experimental time period
(Supplemental Figure S7), and 2) Golgi-localized ts045VSVG

molecules in interphase cells shifted to 40°C did not return
to the ER but were efficiently delivered to the plasma mem-
brane (Cole et al., 1998; Mezzacasa and Helenius, 2002).
Based on these results, we concluded that Golgi proteins can
return to the ER in mitosis, resulting in the observed behav-
ior of ts045VSVG in cells at 40°C.

DISCUSSION

Recently, it has been proposed that Golgi and ER mem-
branes in mammalian cells remain distinct during mitosis
and that the ER’s absorptive/export activities play no role in
mitotic Golgi breakdown and reassembly (Axelsson and
Warren, 2004; Pecot and Malhotra, 2004). In testing this
hypothesis—through dynamic cell imaging of Golgi and ER
markers, electron microscopy, ER fragmentation with iono-
mycin, and ER entrapment through misfolding—we have
reached the opposite conclusion: the Golgi is, in fact, inher-
ited through the ER in mitosis. The basis for this conclusion
comes from two major overall findings. First, that mitotic
Golgi haze, seen in metaphase, represents recycled Golgi
proteins trapped in the ER, a consequence that is likely
related to the mitosis-specific disassembly of ER exit sites
(Farmaki et al., 1999; Prescott et al., 2001; Stephens, 2003) and
inactivation of Arf1 (Altan-Bonnet et al., 2003). Second, that
mitotic Golgi fragments, seen in prometaphase and telo-
phase, are not isolated breakdown products of the Golgi;
rather, they are structures undergoing continuous exchange
of their components through the ER and dispersed ER exit
sites. Together, these findings lead us to propose a model for
mitotic Golgi disassembly/reassembly involving the inhibi-
tion and subsequent reactivation of cellular activities that
control recycling of Golgi components into and out of the ER
(see model in Figure 9).

Figure 8. Retrieval of ts045VSVG-YFP to the
ER during mitosis. (A) Scheme of experiment.
(B and C) NRK cells cotransfected with
ts045VSVG-YFP and GalT-CFP were synchro-
nized with aphidicolin (Altan-Bonnet et al.,
2003) and grown overnight at 40°C. Then,
7.5 h after aphidicolin washout, before entry
into mitosis, cells were transferred to 32°C for
10–15 min to redistribute ts045VSVG-YFP into
the Golgi. The fluorescence of ts045VSVG-YFP
and GalT-CFP outside the Golgi region of in-
terest was then photobleached in early
prophase cells (B and C, postbleach). The cells
were then incubated either at 32°C (C) or at
40°C and imaged while going through mitosis
(B). Images at representative time points post-
bleach are shown. At the end of mitosis (cor-
responding to times after the 35-min time
point), the cells at 40°C were shifted back to
32°C. Arrows at the 50-min time point in B
and C point to the pool of ts045VSVG-YFP at
the plasma membrane. All images were col-
lected with a 40�/1.3 N.A. objective and wide
pinhole confocal settings (�14 Airy units) to
collect fluorescence from entire depth of the
cell. Bars, 5 �m.
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Ruling Out the Autonomous Golgi Model
Our primary finding supporting an ER-mediated inheri-
tance strategy was that Golgi haze in metaphase represents
Golgi proteins within the ER. This was supported by three
lines of evidence: 1) mitotic haze can be resolved into ER by
high-resolution confocal microscopy, 2) it redistributes with
ER into fragments upon ionomycin treatment, and 3) it
displays quality control features characteristic of ER such as
misfolding and retention of proteins.

To establish the first type of evidence—that mitotic Golgi
haze can be resolved into ER—we developed a confocal
imaging protocol aimed at determining both whether Golgi
and ER markers could be observed in mitotic ER and
whether Golgi proteins in mitotic ER derive from preexist-
ing Golgi. Answers to these questions have not been ob-
tained in previous light microscopy studies for several rea-
sons. First, microscope settings in such studies are typically
set up for imaging bright mitotic Golgi fragments rather
than mitotic haze, meaning thick sections of mitotic cells are
examined under relatively low brightness settings (Shima et
al., 1998; Jokitalo et al., 2001; Seemann et al., 2002; Pecot and
Malhotra, 2004). Because mitotic Golgi haze is much dimmer
than mitotic Golgi fragments, such settings usually result in
mitotic Golgi haze being too dim and/or out of focus to be
resolved. Second, studies using deconvolution microscopy
to compare ER and Golgi markers in mitotic cells run into
the problem that deconvolution often causes dim structures
to disappear. This could explain the discrepancy between ER
and Golgi levels in the spindle region reported in studies

using deconvolution techniques (Jesch et al., 2001; Pecot and
Malhotra, 2004). And third, when an ER pattern within
mitotic Golgi haze is observed, it is difficult to establish
whether this is because of 1) retrieval of Golgi proteins back
to the ER, 2) newly synthesized Golgi enzymes being
trapped in the ER (Farmaki et al., 1999; Prescott et al., 2001),
and/or 3) refolding of misfolded GFP pools in the ER (Jo-
kitalo et al., 2001; Shorter and Warren, 2002).

To overcome these problems, we used a confocal imaging
protocol in which mitotic Golgi haze was imaged with a
narrow pinhole setting and with enough laser power so that
mitotic haze was bright and could be focused. To make sure
that Golgi protein fluorescence within mitotic haze arose
only from GalT-YFP proteins preexisting in the Golgi, we
photobleached all cellular fluorescence outside the Golgi
once cells entered mitosis. To demonstrate that mitotic haze
did not come from newly synthesized and/or folded pools
of GalT-YFP proteins in the ER, we showed that no new
fluorescence occurred during mitosis after all cellular fluo-
rescence was first photobleached. To define ER, we ex-
pressed the soluble ER marker ss-RFP-KDEL (which labels
ER uniformly because of its free diffusion within the ER
lumen) in mitotic cells coexpressing GalT-CFP. On imaging
in this manner, we found that the pattern of labeling of ER
and Golgi markers significantly overlapped during meta-
phase, the stage of mitosis in which there is predominantly
Golgi haze. The labeling pattern occurred as a tubular net-
work characteristic of mitotic ER (Ellenberg et al., 1997), with
the network extending into the spindle region as tubule
strands containing both GalT-CFP and ss-RFP-KDEL. Our
finding that native Golgi and ER markers also colocalize in
a reticular pattern in metaphase cells further supported our
observations with GalT-CFP and ss-RFP-KDEL markers.
These results suggested that mitotic Golgi haze consists of
proteins derived from the Golgi, and, when resolved, looks
like ER.

Our second line of evidence linking mitotic Golgi haze
and ER—that mitotic Golgi haze acts like ER—used an assay
in which ER and Golgi markers were examined in mitotic
cells before and after the ER was fragmented with ionomy-
cin, a well-characterized ER fragmenting reagent (Subrama-
nian and Meyer, 1997; Park et al., 2000; Olah et al., 2001). If
mitotic Golgi behaves as ER, then Golgi and ER proteins
should both be found in ER fragments in this experiment.
Consistent with this, we found that during ionomycin-treat-
ment Golgi proteins in mitotic haze redistributed with ER
proteins into ER fragments, where both types of proteins
became immobile. Interestingly, use of a similar assay with
filipin (a cholesterol-extracting agent) (Rothberg et al., 1990;
Ilangumaran and Hoessli, 1998) to fragment mitotic ER
showed that Golgi proteins did not redistribute into filipin-
induced mitotic ER fragments (Axelsson and Warren, 2004).
A possible explanation is that filipin may differentially affect
the membrane stability of Golgi proteins, which typically
favor a cholesterol/sphingolipid-rich microenvironment
(Munro, 1998) and thus may get extracted from the ER
during the filipin treatment. Consistent with this, Warren
and colleagues found that Golgi proteins diffused �50%
faster in filipin-treated mitotic cells (Axelsson and Warren,
2004).

The third type of evidence relating mitotic Golgi haze to
ER—that mitotic Golgi haze shares the ER’s capacity to
retain misfolded proteins—was acquired using an ER trap-
ping assay. The impetus for this assay came from the recent
work of Malhotra and colleagues (Pecot and Malhotra, 2004)
who used a different ER trapping assay, involving rapamy-
cin, to address the nature of mitotic Golgi haze. These au-

Figure 9. ER-dependent model for Golgi breakdown and reassem-
bly in mitosis. During interphase, Golgi enzymes (green dots) un-
dergo constitutive cycling through the Golgi apparatus, ER, and ER
export domains as part of a general mechanism for maintaining the
identity of Golgi membranes (Altan-Bonnet et al., 2004). At steady
state, roughly 80% of Golgi enzymes reside in the Golgi and 20% in
the ER or ER export domains. Between prophase and prometaphase,
Golgi enzymes undergo enhanced retrograde transport back to the
ER because of reduced Arf1 activity on membranes. Because cyto-
plasmic microtubules are depolymerized at this stage of mitosis, the
Golgi enzymes cannot return to a centrosomal location and instead
accumulate in membrane adjacent to ER export domains (cycling in
and out of these domains). During metaphase, both Sar1 and Arf1
become largely inactivated. This causes ER export domains to dis-
appear and Golgi enzymes to relocate to the ER. By telophase, Sar1
is reactivated and ER export domains are reformed. Once Arf1 is
reactivated as well, Golgi enzymes are exported from the ER to ER
export domains (cycling in and out of them). By cytokinesis, both
Sar1 and Arf1 are fully active and cytoplasmic microtubules have
repolymerized. ER export domains can now differentiate into pre-
Golgi structures that bud off the ER and track along microtubules
into the perinuclear region where they fuse into a Golgi stack. Golgi
enzymes now undergo normal constitutive cycling between Golgi,
ER, and ER export domains.
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thors found that FKBP-protein fused to a Golgi enzyme
(FKBP-Golgi protein) became stably bound to FKBP-rapa-
mycin-associated protein (FRAP) attached to an ER resident
protein (FRAP-ER protein) within 2.5 min of rapamycin
treatment in BFA-treated but not in mitotic cells, a result
they interpreted as evidence that Golgi and ER do not mix
during mitosis. Interestingly, the FKBP-Golgi protein in this
system did not get trapped in the ER during interphase after
a 90-min treatment with rapamycin, which is predicted
given normal Golgi protein cycling rates through the ER
(Cole et al., 1998; Zaal et al., 1999; Miles et al., 2001; Ward et
al., 2001). This implies that trapping is very sensitive to 1) the
amount of FKBP-Golgi proteins in the ER and 2) the length
of time the FKBP-Golgi proteins have been in the ER before
rapamycin treatment. In the Pecot and Malhotra (2004) ex-
periments, cells were treated with BFA (which induces com-
plete mixing of Golgi and ER proteins) for 60 min before
rapamycin treatment. By contrast, mitotic cells are in the
stage of mitosis where Golgi and ER enzymes are proposed
to fully mix (i.e., metaphase) for only �10 min (Zaal et al.,
1999). The different lengths of time FKBP-Golgi proteins
were in the ER in the two situations (i.e., BFA versus mitosis)
therefore may be the reason why there was ER entrapment
of Golgi proteins in BFA but not mitotic cells. Under this
interpretation, FKBP-Golgi proteins in mitotic cells would
not have been in the ER at a high enough concentration for
a long enough time to permit them to develop low-affinity
interactions with FRAP-ER proteins, which may be neces-
sary for a stable ternary complex of these proteins and
rapamycin to rapidly form (i.e., within 2.5 min) upon addi-
tion of the drug. Given these concerns, we searched for a
different strategy for trapping Golgi proteins in the ER in
mitotic cells.

Previous work has shown that the ER has the capacity to
misfold and trap proteins undergoing constitutive cycling
through the ER in interphase cells (Cole et al., 1998; Mezza-
casa and Helenius, 2002). For example, ts045VSVG protein
with a Golgi targeting signal in interphase cells will redis-
tribute from the Golgi into the ER and be trapped there upon
shift from 32 to 40°C (Cole et al., 1998). This is because of the
chimera undergoing misfolding in the ER’s unique quality
control environment as it constitutively cycles through this
compartment at 40°C. Given this property of the ER, we
reasoned that if Golgi membranes mix with the ER at any
time during mitosis, then in cells shifted to and maintained
at 40°C, ts045VSVG pools in the Golgi should become
trapped in the ER and fail to reassociate with Golgi mem-
branes at the end of mitosis. This is precisely what we
observed upon performing this experiment; moreover, upon
shift back to 32°C, ts045VSVG redistributed from the ER into
Golgi structures.

In assessing these findings, account must be taken of those
studies that have failed to detect Golgi proteins in the ER in
mitosis. This failure, however, could be because of the meth-
odologies that were used and may not, in fact, be inconsis-
tent with our findings. The period of mitosis during which
Golgi proteins reside in highly dispersed membranes is
short relative to the total time that cells are in mitosis (Zaal
et al., 1999). It is, thus, easy to miss this stage when observing
populations of mitotic cells, unless correlative light and
electron microscopy (Polishchuk et al., 2000) is used to iden-
tify mitotic cells with a dispersed Golgi pattern. During the
period in which Golgi proteins are highly dispersed, these
proteins may not be mixed uniformly with ER resident
proteins within the ER and hence may not be capable of
forming complexes with resident ER proteins as is necessary
for detection in the rapamycin assay. Nocodazole is often

used to synchronize mitotic cells for ultrastructural and
biochemical analysis, but this treatment causes Golgi frag-
ments to persist (Jesch et al., 2001) so the dispersed mitotic
Golgi phenotype is absent in these cells. In subcellular frac-
tionation experiments, large quantities of mitotic cells are
harvested so cells will necessarily be at different states of
mitotic Golgi breakdown, which could explain why Golgi
proteins from mitotic cells have not been shown to cofrac-
tionate with ER markers on density gradients (Jesch et al.,
2001).

Defining Mitotic Golgi Fragments
Our second major finding was that mitotic Golgi fragments
represent ER-derived structures through which Golgi pro-
teins cycle rapidly (e.g., from ER exit sites to a fragment and
then back again into the ER). A variety of different method-
ologies were used to establish this, including fluorescence
double-labeling, immunoelectron microscopy, and photo-
bleaching recovery experiments.

Fluorescence imaging using markers for mitotic Golgi
fragments and ER exit sites showed that ER exit site markers
surround and coalign with mitotic Golgi fragments. Because
a previous light microscopy study examining the distribu-
tion of ER exit sites and Golgi fragments in mitosis inter-
preted the lack of direct overlap between Golgi fragments
and ER exit sites as evidence that these two structures were
not functionally linked (Hammond and Glick, 2000), we
relied on other methods to establish whether there was a
dynamic association between Golgi fragments and ER exit
sites in mitotic cells. Live cell imaging of a single cell coex-
pressing Sec13-YFP and GalT-CFP revealed that mitotic
Golgi fragments grow out from ER export domains at the
end of mitosis, remain near these sites for a short period, and
then undergo clustering into a Golgi ribbon. Immunoperox-
idase electron microscopy of cells in prometaphase and te-
lophase further showed that mitotic Golgi fragments were
clusters of tubules/vesicles localized adjacent to ER export
sites, and in some cases, were in direct continuity with ER
export domains. Finally, when a mitotic Golgi fragment was
photobleached in cells expressing GalT-YFP, fragment fluo-
rescence rapidly recovered �80% of its original intensity
within 2 min, indicating Golgi proteins continuously move
in and out of mitotic fragments while maintaining steady-
state pools in these fragments.

These findings suggest that mitotic Golgi fragments share
key properties of nocodazole Golgi fragments, which are
known to 1) localize near ER exit sites, 2) form by outgrowth
from ER rather than by direct fragmentation of Golgi, and 3)
undergo continuous cycling of their membrane components
in and out of fragments. Nocodazole-induced and mitotic
Golgi fragments nevertheless have other properties that are
distinct. Mitotic fragments exist as clusters of branching
tubules and vesicles, whereas nocodazole fragments exist as
mini-Golgi stacks at the ultrastructural level. Moreover, the
cycling rate of Golgi components in and out of mitotic Golgi
fragments is much faster than that for nocodozole frag-
ments. These differences provide clues to how each type of
Golgi fragment is formed and maintained. For example, the
inability of mitotic Golgi fragments to assemble into stacks
at ER exit sites is likely related to the inability of these
membranes to efficiently recruit sorting and transport ma-
chinery (e.g., Arf1 and its effectors) necessary for such con-
version: this, in turn, may underlie the increased speed that
Golgi components cycle into and out of these structures.
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Toward a Model of Golgi Inheritance from ER
Given our data suggesting that mitotic Golgi haze represents
ER and that mitotic Golgi fragments (both in prometaphase
and telophase) are dynamic membrane outgrowths from the
ER, we envision a multistep process for Golgi inheritance
from the ER (Figure 9). In this model, the formation of
prometaphase Golgi fragments near ER exit sites results
from 1) accelerated retrograde traffic into the ER and 2) the
inability of newly emerging membrane at ER exit sites to
recruit machinery necessary for conversion into Golgi. The
next step—appearance of mitotic Golgi haze—occurs when
ER export domains undergo complete disassembly, leading
to entrapment of Golgi components in the ER. In cells in
which ER exit sites do not all disassemble, some fragments
would remain within the mitotic haze, explaining why in
some cell types Golgi fragments persist during mitosis
(Schroeter et al., 1985; Jokitalo et al., 2001). The final step—
reappearance of mitotic Golgi fragments—occurs when ER
export domains reassemble and the exported membrane
becomes capable of recruiting necessary machinery for
transforming this membrane into Golgi. Golgi components
would exit the ER at ER exit sites and assemble into mem-
brane tubular clusters near these sites. The clusters later
would transform into Golgi cisternae/stacks, and then coa-
lesce into a juxtanuclear site.

An alternative model for explaining how new Golgi ele-
ments coalesce near ER exit sites during telophase is that the
ER exit site exports selected components at the end of mi-
tosis, which then provide a “platform” for the capture of
Golgi membrane components that are present in small ves-
icle carriers in the cytosol (Shorter and Warren, 2002; He et
al., 2004; Soderholm et al., 2004). Although this “platform-
capture” model can readily explain why new Golgi elements
arise near ER exit sites during telophase, it has difficulty
explaining other key observations from our study. First, the
platform-capture model’s view that Golgi enzymes in vesi-
cles are selectively “captured” at an ER exit site is at odds
with the continuous, rapid cycling of Golgi enzymes into
and out of ER exit sites in mitotic cells demonstrated in our
photobleaching experiments. Second, the putative mitotic
vesicles carrying Golgi enzymes in the platform-capture
model are predicted to diffuse freely throughout the cyto-
plasm, even during fragmentation of ER membrane by iono-
mycin treatment. Yet, ionomycin treatment of mitotic cells
led to Golgi enzymes becoming completely immobilized as
well as colocalized with ER markers in large fragments,
consistent with an ER rather than vesicle localization of the
Golgi enzymes in mitotic cells. Third, the platform-capture
model cannot explain why incubation at the nonpermissive
temperature of 40°C led to ER entrapment of ts045VSVG
molecules at the end of mitosis when these molecules were
localized in the Golgi before mitosis (readily explained by
Golgi inheritance from the ER). Because the model of Golgi
inheritance from the ER, by contrast, can account for all of
these data, it would seem to be the more comprehensive
representation of the events occurring during mitotic Golgi
breakdown and reassembly.

The molecular mechanism for Golgi inheritance from the
ER is only just beginning to be understood, but our data
suggest some possibilities. By monitoring the behavior of
CFP-tagged Arf1 and ER exit site markers during promet-
aphase fragment formation in mitosis, we found that Arf1
levels on prometaphase Golgi membranes were depleted
relative to interphase Golgi membranes. Because this oc-
curred before ER exit sites (detected by Sec13-YFP labeling)
had fully disassembled, the data suggested Arf1 inactivation

precedes ER exit site disassembly during mitosis. This find-
ing is significant because Arf1 inactivation in interphase
cells (produced by expression of Arf1T31N or BFA treat-
ment) accelerates Golgi retrograde traffic and leads to the
appearance of tubulovesicular membranes enriched in Golgi
proteins at ER exit sites (Miles et al., 2001; Ward et al., 2001;
Puri and Linstedt, 2003). Because such structures resemble
prometaphase fragments, the data suggest that the forma-
tion of prometaphase Golgi fragments is related to Arf1
inactivation.

Consistent with this possibility, previous work has shown
that when Arf1 inactivation in mitosis is prevented by ex-
pression of a constitutively active Arf1 mutant or by treat-
ment with H89 (Altan-Bonnet et al., 2003), prometaphase
Golgi fragments do not form and the Golgi remains local-
ized to centrosomal elements. Thus, enhanced recycling,
potentially mediated by Arf1 inactivation, might play an
important role in the early disassembly of cisternal Golgi
stacks in mitosis. ER export arrest, which occurs after Arf1
inactivation, would subsequently lead to trapping of rapidly
cycling Golgi residents within the ER, causing promet-
aphase fragments to disappear and mitotic haze to occur.

The mechanism for Arf1 inactivation and ER export arrest
in mitosis is not known. However, because our data suggest
these two processes occur sequentially rather than simulta-
neously, there would seem to be distinct mitotic mecha-
nisms affecting each of these blocks. Consistent with this,
when Arf1 remains active in mitotic cells, Golgi membranes
do not disassemble yet ER export domains still disperse
(Altan-Bonnet et al., 2003). Furthermore, at the end of mito-
sis, ER exit site reassembly occurs in anaphase, whereas
rebinding of Arf1 to membranes only occurs in telophase.
Because Arf1 rebinding to membranes in telophase co-
incides with emergence of Golgi enzymes from the ER, the
data suggest these processes are linked.

This role of Arf1 and ER exit site machinery in mitotic
Golgi assembly/disassembly seems to parallel the role of
Arf1 and Sar1 in Golgi breakdown/biogenesis during inter-
phase (Altan-Bonnet et al., 2004). There, Sar1 activity induces
recruitment of peripheral proteins to ER export domains,
including COPII, Golgi matrix proteins, Rab proteins,
SNAREs, and matrix proteins (Altan-Bonnet et al., 2004; Lee
et al., 2004), which differentiate from surrounding ER. This
leads to the recruitment of Arf1 and its numerous effectors,
including phospholipid-modifying enzymes, COPI, spec-
trin, ankyrin, and signaling molecules (Altan-Bonnet et al.,
2003, 2004), causing the domains to further differentiate into
Golgi structures. Our data on the behavior in mitotic cells of
Arf1, Sec13, and Golgi enzymes are consistent with a similar
sequential process. Thus, there seems to be a fundamental
commonality in Golgi breakdown/biogenesis throughout
the cell cycle. Because Golgi inheritance in Saccharomyces
cerevisiae is also linked to ER inheritance (Reinke et al., 2004),
the mechanisms underlying Golgi inheritance from yeast
and vertebrate cells may be conserved.

What triggers the alterations in ER/Golgi membrane flux
during mitosis is an important area of future work. Cellular
kinases such as cdc2 and mitogen-activated protein kinase
kinase (MEK) 1 have been reported to be important for the
disassembly of Golgi membranes in mitosis (Acharya et al.,
1998; Lowe et al., 1998). A possible activity of these kinases
could be to inactivate proteins that play a role the ER-to-
Golgi trafficking of membranes along microtubules. Indeed,
a recent report showing that MEK kinases regulate the traf-
ficking of melanosomes on microtubules is consistent with
this role (Deacon et al., 2005). Moreover, GRASP65 has been
recently reported to play a role in the organization of the
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mitotic spindle (Sutterlin et al., 2005). The fact that the Golgi
matrix proteins GM130 and GRASP65 are potential targets
of MEK and cdc2 kinases, raises the possibility that in ad-
dition to their previous proposed roles (Lowe et al., 2000),
these matrix proteins facilitate Golgi membrane association
with the cytoskeleton.
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