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Abstract Endoplasmic reticulum (ER)-to-Golgi transport is
blocked in mammalian cells during mitosis; however, the mech-
anism underlying this blockade remains unknown. Since COPII
proteins are involved in this transport pathway, we investigated
at the biochemical level post-translational modifications of CO-
PII components during the course of mitosis that could be linked
to inhibition of ER-to-Golgi transport. By comparing biochem-
ical properties of cytosolic COPII components during inter-
phase and mitosis, we found that Sec24p isoforms underwent
post-translational modifications resulting in an increase in their
apparent molecular weight. No such modification was observed
for the other COPII components Sec23p, Secl13p, Sec31p or
Sarlp. Analyzing in more details Sec24p isoforms in interphase
and mitotic conditions, we found that the interphase form of
Sec24p was O-N-acetylglucosamine modified, a feature lost
upon entering into mitosis. This mitotic deglycosylation was
coupled to Sec24p phosphorylation, a feature likely responsible
for the increase in apparent molecular weight of these mole-
cules. These modifications correlated with an alteration in the
membrane binding properties of Sec24p. These data suggest that
when entering into mitosis, the COPII component Sec24p is
simultaneously deglycosylated and phosphorylated, a process
which may contribute to the observed mitotic ER-to-Golgi traf-
fic block.

© 2004 Published by Elsevier B.V. on behalf of the Federation
of European Biochemical Societies.
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1. Introduction

The secretory pathway is responsible for the intracellular
transport of newly synthesized molecules. Each transport
step in the secretory pathway is mediated by vesicular inter-
mediates that recruit and concentrate cargo molecules from
the donor compartment and deliver it to the acceptor com-
partment. Newly synthesized proteins destined for delivery to
the cell surface are inserted cotranslationally into the endo-
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plasmic reticulum (ER) and, once correctly folded, are trans-
ported out of the ER. ER-derived vesicle formation is medi-
ated by a set of cytosolic proteins termed COPII. The COPII
coat consists of five soluble components: the small GTPase
Sarlp, and two cytosolic coat complexes Sec23p—Sec24p and
Sec13p-Sec31p [1-5]. In mammalian cells, the Sec23p protein
family comprises two isoforms, Sec23Ap and Sec23Bp, while
the Sec24p protein family is composed of four isoforms,
Sec24Ap, Sec24Bp, Sec24Cp and Sec24Dp [2,3]. Coat assem-
bly is activated by the recruitment of Sarlp-GTP to the mem-
brane via Secl2p, a factor promoting nucleotide exchange on
SarlpGDP. This initial step allows the binding of the Sec23p—
Sec24p complex and the subsequent incorporation of cargo
into the forming bud. Finally, the recruitment of the
Sec13p-Sec31p complex leads to membrane deformation and
pinching-off of the vesicle [1,6-8]. The mechanism of the re-
cruitment of COPII components on the ER membranes has
been extensively described, but the regulation of this process
remains unclear. The first remarkable point of control is the
spatial and temporal organization of nucleotide exchange and
GTP hydrolysis, which coordinates coat assembly with cargo
selection and coat disassembly with vesicle fission. COPII re-
cruitment is also modulated by the lipid composition of mem-
branes [9,10]. Moreover, alterations in the recruitment of the
COPII machinery in the presence of several drugs like H89 or
okadaic acid underline the potential involvement of kinases or
phosphatases for the recruitment of COPII [11-13]. However,
the precise target of these phosphorylation events has not yet
been identified. Finally, recent reports describing inhibition of
ER-to-Golgi traffic by viral proteins suggest the existence of
regulatory mechanisms of coat formation which are used by
viruses for their replication [14,15]. Beside this fragmentary
information, the regulation of COPII recruitment at the mo-
lecular level remains mostly an open question.

ER-to-Golgi transport is transiently blocked in mammalian
cells during mitosis [16]. Recent quantitative analyses using
electron microscopy have shown an increase in the cytosolic
pool of COPII components and a parallel decrease in the
number of exit sites on ER membranes. These observations
suggest the existence of a mechanism of regulation of COPII
activity leading to a functional alteration of the structures
specialized in the export from the ER compartment [17,18].
The molecular mechanisms responsible for this block of ER-
to-Golgi transport are not yet understood. The present report
describes that the COPII component Sec24p undergoes post-
translational modifications upon entering mitosis: a de-O-gly-
cosylation accompanied by phosphorylation. We propose that
these alterations are directly responsible for the block in ER-
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to-Golgi trafficking and contribute to the Golgi fragmentation
observed during mitosis.

2. Materials and methods

2.1. General materials and reagents

Rabbit polyclonal antibodies against hSec23Ap and hSec24Cp pro-
teins have been described previously [3]. Monoclonal antibodies
against transferrin receptor (TfR) (clone H68.4), actin or N-acetyl
glucosamine (GIcNAc, clone RL2) were purchased from Zymed Lab-
oratories. Polyclonal rabbit anti-phosphoserine (Z-PS1), polyclonal
rabbit anti-phosphothreonine (Z-PT1), polyclonal rabbit anti-PS/PT/
PY and monoclonal anti-phosphotyrosine (clone PY20) were pur-
chased from Bioreagent Company.

Secondary antibodies conjugated to horseradish peroxidase were
obtained from Bio-Rad. Secondary rhodamine-conjugated antibodies
were from Jackson Company. Monoclonal antibody against tubulin
(clone B512), monoclonal antibodies against phosphoserine (clone
PSR-45, ref. P3430) and phosphothreonine (ref. P3555), nocodazole,
thymidine, 2-deoxycytidine, 4,6-diamidino-2-phenylindole, NaF, so-
dium orthovanadate and propidium iodide were purchased from Sig-
ma.

2.2. Cell culture and synchronization methods

HeLa cells were grown in modified Eagle’s medium supplemented
with 10% fetal calf serum, 2 mM glutamine, 100 IU/ml penicillin, 100
ug/ml streptomycin. HeLa cells were synchronized using either noco-
dazole or thymidine block methods. For nocodazole treatment, cells
were incubated between 12 and 16 h in the presence of nocodazole 0.1
ug/ml, and cells blocked in metaphase were harvested in the culture
medium by centrifugation. The thymidine block was performed as
follows: cells were pre-synchronized by serum starvation for 12 h
and then incubated for 16 h in complete medium containing 2 mM
thymidine. Cells were then washed in culture medium and the G1-S
block was released by incubation with 24 uM deoxycytidine for 9 h.
The efficiency of synchronization was verified by FACS analysis
(FACSCalibur, Becton Dickinson) by measuring the DNA content
of the cellular population using propidium iodide as a DNA marker.

2.3. Immunofluorescence analysis and image processing

HeLa cells were transiently transfected with a plasmid encoding
Sec24Cp in fusion with green fluorescent protein (GFP) [19]. In order
to preserve the microtubule network, HeLa cells were fixed for 15 min
in 4% paraformaldehyde in phosphate-buffered saline (PBS). Cells
were permeabilized using Triton X-100 0.01% diluted in PBS. After
30 min incubation in PBS containing 1% bovine serum albumin, the
cells were incubated with monoclonal antibodies against B-tubulin for
25 min at room temperature, followed by extensive washing with PBS.
Goat anti-mouse rhodamine-conjugated antibodies were added for 25
min. The observation and imaging were performed within the Bio-
imaging Core Facility of the Geneva University Medical Centre: cells
were imaged using a confocal Zeiss LSM 510 microscope and a
63X 1.4 numerical aperture oil immersion lens. Pictures were pro-
cessed with LSM® proprietary software.

2.4. Cell extracts, fractionation, immunoprecipitation

Cell extracts were prepared as either Triton X-100 lysates or cyto-
sol. For Triton X-100 extract, 2 X 10° cells were lysed in 300 pl of lysis
buffer (50 mM Tris—-HCI pH 8, 150 mM NacCl, Triton X-100 0.1%, 20
mM EDTA, 20 mM EGTA, with the addition of Complete® protease
inhibitor from Boehringer Mannheim). Each condition was loaded in
duplicate in order to ensure more accurate determination of molecular
weight modifications.

To obtain native cytosol and microsomal membranes, cells were
resuspended in the appropriate buffer and homogenized using 25
strokes of a tight-fitting glass Potter homogenizer. Post-nuclear super-
natant was prepared by centrifuging at 2000 X g for 5 min at 4°C. This
post-nuclear supernatant was centrifuged at 100000 g for 40 min at
4°C, snap-frozen in liquid nitrogen, and stored at —80°C. Buffer P,
defined as the ‘permissive’ buffer, is a simplified buffer used previously
for membrane preparations [26,28] and contains 20 mM HEPES pH
7.4 and 37 mM sorbitol. Buffer NP, defined as the ‘non-permissive
buffer’ and previously used for fractionation experiments [2], contains
20 mM HEPES pH 6.8, 100 mM CH3;COOK, 5 mM MgCl,, 8%
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sucrose, | mM phenylmethylsulfonyl fluoride, 1 mM dithiothreitol,
20 mM EDTA, 20 mM EGTA and Complete® protease inhibitor
mixture.

For fractionation experiments, microsomal membranes were pre-
pared in NP buffer. The pellet and the supernatant fractions were
brought to an equal volume with sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis (SDS-PAGE) sample buffer and equal vol-
umes were analyzed by SDS-PAGE and immunoblotting.

Immunoprecipitations were performed at 4°C on a range of pro-
teins from 100 pg to 700 pg of Triton X-100 cell extracts using 20-30
ul of antiserum against Sec24C in a total volume of 500 ul. The
precipitate was collected by adding 10 ul of protein A-agarose beads
(1:1 slurry; Amersham Pharmacia Biotech, Sweden), washed three
times in 1 ml of lysis buffer containing 1% of Triton X-100. The beads
were resuspended in reducing SDS-PAGE sample buffer and run on
7.5% polyacrylamide denaturing gels before being transferred to nitro-
cellulose and analyzed by Western blotting.

In order to monitor the phosphorylation level of interphase and
mitotic Sec24Cp, the immunoprecipitation of phosphorylated proteins
was done with a mix of monoclonal antibodies to phosphoserine and
phosphothreonine amino acids. The immunoprecipitated proteins
were collected by adding 10 ul of protein G-agarose beads (1:1 slurry;
Amersham Pharmacia Biotech). The beads were then washed three
times in 1 ml of lysis buffer containing 0.1% of Triton X-100. The
analysis by Western blotting used a serum against Sec24Cp.

2.5. Assays to monitor the stability of the mitotic form of Sec24C

30 pg of cytosol prepared in P buffer were incubated at 37°C for
10-30 min. In order to screen effects of different drugs, we added
dimethyl sulfoxide (DMSO) at a final concentration of 3%, or a mix-
ture of phosphatase inhibitors consisting of 1| mM NaF and 3 mM
sodium orthovanadate. The molecular weight of Sec24Cp was then
assessed by SDS-PAGE and Western blotting. Each condition was
loaded in duplicate in order to ensure accurate determination of the
post-translational modifications.

2.6. Preparation of the membranes and recruitment assay

Recruitment properties of Sec24Cp were analyzed as previously
described by Aridor et al. [20] with minor modifications. COPII-de-
pleted membranes were prepared in three steps. Microsomal mem-
branes were obtained by 15 min centrifugation (15000xg, 4°C) of
the post-nuclear supernatant fraction. The membrane pellet was
then resuspended in NP buffer in the presence of 1 mM GDP for
10 min at 37°C. The reaction was centrifuged and the pellet succes-
sively subjected to a urea wash (0.375 M sorbitol, 20 mM HEPES, 2 M
urea and the Complete™ protease inhibitor mixture) and a salt wash
(0.375 M sorbitol, 20 mM HEPES, 1 M KCl and Complete™ protease
inhibitor mixture) to remove any remaining Sec24C bound to the
membranes. The washes were performed at 4°C and followed imme-
diately by a centrifugation at 15000X g for 5 min. The membrane
pellet was finally resuspended in an appropriate volume of NP buffer
at a protein concentration of about 2 pg/ul.

For the recruitment reaction, 75 pg of a mixture consisting of 1 part
of interphase cytosol and 3 parts of mitotic cytosol prepared in NP
buffer were added to 8 ug of salt-washed interphase membranes in a
final volume of 80 pl containing 100 uM GTP-yS, an ATP regenerat-
ing system (10X, 20 mM ATP, 44 mM GTP, 300 U/ml creatinine
phosphate kinase, 10 mM creatine phosphate in 250 mM HEPES pH
6.8) and recruitment buffer (10X, 18 mM CaCl, and 25 mM
MgOAc). Following incubation, the reactions were layered on a
15% sucrose cushion (180 pl) prepared with NP buffer. The reactions
were centrifuged for 15 min at 15000X g at 4°C, and the membrane
pellets solubilized in SDS-PAGE sample buffer were analyzed by
Western blotting.

3. Results

3.1. The intracellular localization of Sec24p is altered in mitotic
cells
The molecular mechanisms underlying the block in ER-to-
Golgi trafficking occurring during the course of mitosis are
unknown [16]. A partial redistribution of Secl13p/Sec31p CO-
PII subcomplexes to the cytosol during mitosis has been de-



Fig. 1. Steady-state localization of COPII Sec23p-Sec24p subcom-
plex in interphase and mitotic HeLa cells. HeLa cells were grown
on coverslips. Cells were transiently transfected with GFP-Sec24C
then fixed and processed for immunofluorescence using a mouse
monoclonal anti-tubulin antibody, followed by a rhodamine-conju-
gated goat anti-mouse antibody. The mitotic cell is indicated with a
star on the metaphase plate.

scribed previously [18]. In order to extend these observations,
we monitored the distribution of the Sec23p-24p complex
during mitosis by confocal microscopy. The comparison in
the same field of interphase and mitotic cells showed that
the distribution of Sec24p was significantly altered in mitotic
cells. Sec24Cp-labeled structures present in interphase cells are
replaced by a diffuse staining in mitotic cells (at least 10 mi-
totic cells were observed by qualitative fluorescence microsco-
py) (Fig. 1A), confirming what was described for Secl3p,
whose recruitment is dependent upon Sec23-24 [18]. Double
labeling against the tubulin network allows a more objective
identification of both interphase and mitotic cells (Fig. 1B).
These results confirmed that membrane recruitment of the
Sec23-24p and Secl3-31p complexes is altered within the
short time window of mitosis.

3.2. Sec24p proteins support a post-translational modification
during mitosis

These observations led us to hypothesize that post-transla-
tional modifications of either Sarlp or Sec23p-Sec24p during
mitosis could be responsible for this impaired membrane re-
cruitment. To test this hypothesis, total cell lysates from cells
in interphase or metaphase were analyzed by Western blot-
ting. Cells were synchronized in metaphase using three distinct
methods. The first one took advantage of the fact that during
metaphase, dividing cells have rounded up and lost their at-
tachment to their substrate. They can be collected by vigorous
shaking of the culture flask. The main advantage of this meth-
od is to avoid any pharmacological agent; but its disadvant-
age is its very low yield. The second method took advantage
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of the drug nocodazole, which blocks cells at the initiation of
metaphase by interfering with the formation of the mitotic
spindle [21]. The third method used an excess of thymidine
in the incubation medium, which depletes the pool of deoxy-
cytidine, and leads to cell cycle arrest at the G1/S stage. The
cell cycle can be resumed by the addition of an excess of
deoxycytidine, resulting in a wave of synchronized cells which
are captured when entering metaphase [22]. FACS analysis
was performed to verify the synchronization state of cells.
As shown in Fig. 2, the apparent molecular weight of most
COPII components remained unchanged during metaphase
except for Sec24Cp, which exhibited an increase in its appar-
ent molecular weight, while the intensity of its band de-
creased. This decrease in signal intensity was not due to pro-
tein degradation, but rather to a defect of transfer out of the
gel and/or a defect of binding of the mitotic Sec24p as effi-
ciently as the interphase Sec24p or to a decrease in antibody
avidity for the mitotic form (see below).

The shift in molecular weight of Sec24Cp was independent
of the cell lysis method used to prepare cell extracts (mechan-
ical lysis, or detergent-mediated extraction using NP40,
CHAPS, RIPA or SDS). The shift was also visible in denatur-
ing SDS-PAGE gels containing 6 M urea, rendering unlikely
a conformational change as the only cause of the change in
molecular weight (data not shown). Finally, the apparent shift
in molecular weight was also observed for the Sec24Ap and
Sec24Bp isoforms (Fig. 2B) (no antibodies against Sec24Dp
are yet available). Together, these results suggest that a post-
translational modification of the entire Sec24 protein family
occurs when cells enter metaphase.
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Fig. 2. Sec24p isoforms support post-translational modification dur-
ing mitosis. A: HeLa cells were grown under appropriate conditions
and synchronized either with thymidine block (lane T) or with no-
codazole treatment (lane N), or not synchronized (lane C) as de-
scribed in Section 2. Triton X-100-treated cell extracts were sepa-
rated on 7.5% SDS-PAGE gels and analyzed by immunoblotting
for their content of Sec24Cp, Sec23Ap and actin. Each condition
was loaded in duplicate. B,C: Total proteins from interphase (lane
C) or mitotic cells (lane N) were probed with polyclonal antibodies
either against Sec24Ap or against Sec24Bp, Secl3p and Sarlp pro-
teins. In A and B, stars indicate the mitotic form of Sec24 isoforms.
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3.3. Interphase Sec24Cp is de-O-glycosylated on entering
mitosis

We proceeded next to the identification of the nature of this
modification. To do so, detergent lysates from interphase and
mitotic cells were analyzed by Western blotting. Cell extracts
were immunoprecipitated with an anti-Sec24Cp antiserum,
separated by SDS-PAGE gels, and analyzed by immunoblot-
ting with various antibodies specific for different post-transla-
tional modifications such as O-glycosylation, ubiquitination
and phosphorylation. Ubiquitination was not detected. Sur-
prisingly, we discovered instead that Sec24Cp is O-GlcNAc
modified during interphase (lane C (control), IP Sec24C,
Fig. 3A), and that this glycosylation is lost during mitosis
(lanes N (nocodazole), IP Sec24C, Fig. 3A).

To ascertain whether the de-O-glycosylation of Sec24Cp
was not a side effect of nocodazole, a similar analysis on cells
synchronized with thymidine was carried out. Immunoprecip-
itation was performed with an antibody to O-linked GlcNAc
antibody and the blot revealed with anti-Sec24Cp antiserum.
Under these conditions, Sec24Cp was abundantly precipitated
in control cells, whereas only a small amount was precipitated
from mitotic cells (lane T (thymidine), Fig. 3B). These results
correlated with the incomplete synchronization obtained with
thymidine (60-80% of mitotic cells per preparation), which
appears on the blot as a double band of Sec24Cp on total
extract of mitotic cells (lane Tot.lys. T, Fig. 3B). The final
evidence for reversible glycosylation of Sec24Cp entering mi-
tosis was obtained by using wheat germ lectin, which is known
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Fig. 3. Modification in the level of O-glycosylation of Sec24Cp dur-
ing mitosis. A: Control (lane C) and nocodazole-mitotic (lane N)
HeLa cells were lysed in Triton X-100-containing buffer and immu-
noprecipitated with either pre-immune serum (lanes IP-Prelm.) or
anti-Sec24Cp immune serum (lanes IP-Sec24C). Immunoprecipitates
were analyzed by SDS-PAGE followed by Western blotting as de-
scribed in Section 2. Membranes were probed with a monoclonal
anti-O-linked GlcNAc antibody. B: Mitotic cells synchronized with
the thymidine block as well as control cells were prepared and lysed
in Triton X-100-containing buffer. Control and mitotic Sec24Cp
forms were immunoprecipitated with monoclonal anti-O-linked
GIcNAc (respectively lane IP GlcNAc C and lane IP GlcNAc T).
The immunoprecipitates were resolved by SDS-PAGE and analyzed
by Western blotting using polyclonal antibodies against Sec24Cp
protein. Control and mitotic total extracts were loaded as controls
of the quality of the cytosol (respectively lane Tot. Lys. C and lane
Tot. Lys. T). C: Cytosols prepared from interphase (lane C) and
mitotic cells (synchronized with either thymidine block (lane T) or
nocodazole (lane N)) were incubated with wheat germ lectin Sephar-
ose beads. Absorbed proteins on beads were resolved and analyzed
by SDS-PAGE and immunoblotting against Sec24Cp.
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to bind N-acetyl-B-glucosaminyl residues. Cell extracts ob-
tained from mitotic cells prepared with two different methods
of synchronization (T for thymidine block and N for nocoda-
zole treatment) were applied to wheat germ lectin agarose
beads and the bound proteins analyzed by Western blotting.
An important quantity of Sec24Cp is captured in interphase
conditions while mitotic Sec24Cp is not absorbed on wheat
germ lectin agarose beads (Fig. 3C). Again, interphase
Sec24Cp was highly O-glycosylated, whereas its mitotic coun-
terpart lacked any sign of glycosylation.

As negative controls, we monitored the level of O-glycosyl-
ation of the other COPII components (Sec23p, Sarlp and
Secl3p), none of these proteins showed any sign of cytosolic
O-glycosylation by immunoprecipitation using antibodies to
O-GlcNAc residues (data not shown). Thus, de-O-glycosyla-
tion of Sec24p proteins occurs during mitosis, and it is attrac-
tive to postulate that this modification on this COPII compo-
nent may be implicated in the transport arrest observed
during cell division.

3.4. Sec24Cp supports de-O-glycosylation and phosphorylation
during mitosis

Nuclear and cytosolic O-glycosylations have been described
for an increasing number of proteins, and are thought to
regulate protein function in a similar manner to phosphory-
lation [23,24]. Interestingly, O-glycosylation and phosphoryla-
tion can occur on the same protein in an exclusive manner,
the protein switching between its phosphorylated and glyco-
sylated states [25-27]. In our system, de-O-glycosylation cor-
related unexpectedly with an increase in the molecular weight
of Sec24p instead of a decrease of its molecular weight, sug-
gesting that other post-translational modification(s) was
(were) occurring during mitosis. To monitor the phosphory-
lated status of Sec24Cp during mitosis, immunoprecipitation
with a mix of monoclonal antibodies against phosphoserine
and phosphothreonine were done and revealed by Western
blotting with serum against Sec24Cp (Fig. 4A). In these con-
ditions, Sec24Cp is immunoabsorbed in mitotic protein ex-
tract (lane IP phospho Ser/Thr N) and not in interphase pro-
tein extract (lane IP phospho Ser/Thr C). Thus Sec24Cp is
phosphorylated during mitosis in mammalian cells. As an al-
ternative way to confirm the nature of the post-translational
modification, we took advantage of the following empirical
observation: when cell extracts from mitotic cells were incu-
bated under ‘permissive’ conditions for 10 min at 37°C (see
Section 2), an enzymatic activity present in the freshly pre-
pared mitotic cytosol converted the high molecular weight,
mitotic form of Sec24p protein back into its interphase lower
molecular weight form (lower panel, lane N at 37°C versus
lane N at 4°C, Fig. 4B). On the contrary, when incubated in
the non-permissive buffer, no change in Sec24Cp molecular
weight was observed (upper panel, Fig. 4B).

This assay was used to investigate whether dephosphoryla-
tion could be implicated in the return of Sec24Cp to its inter-
phase molecular weight. When a mixture of phosphatase in-
hibitors containing NaF and sodium orthovanadate was
added to the permissive cytosol, the return of Sec24Cp to
its interphase molecular weight was blocked (Fig. 4C), sug-
gesting the involvement of phosphatase in the molecular
weight change. Note the increase in intensity of the Sec24
band increased to the level of the interphase form in the
absence of protein synthesis, suggesting that the decrease in
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Fig. 4. Evidence of phosphorylation on Sec24Cp isoform during mi-
tosis. A: Mitotic cells, synchronized using the method of thymidine
blocking, as well as control cells were prepared and lysed in Triton
X-100-containing buffer. Control and mitotic Sec24Cp forms were
immunoprecipitated with a mixture of monoclonal antibodies
against phosphoserine and against phosphothreonine (respectively
lane IP phospho Ser/Thr C and lane IP phospho Ser/Thr N). The
immunoprecipitates were analyzed by Western blotting using poly-
clonal antibodies against Sec24Cp. Control and mitotic total ex-
tracts were loaded as controls of the quality of the cytosol (respec-
tively lane Tot. Lys. C and lane Tot. Lys. N). B: Interphase (lane
C) or mitotic (lane N) cytosols were prepared in the permissive buff-
er (P, lower panel) or the non-permissive buffer (NP, upper panel)
(see Section 2) and incubated for 10 min at 4°C or 37°C. The mo-
lecular weights of the mitotic and interphase forms of Sec24Cp were
resolved by SDS-PAGE and analyzed by immunoblotting to detect
Sec24Cp isoforms. C: In the same cytosols prepared in permissive
buffer, either DMSO (lane N+DMSO) or a mix of phosphatase in-
hibitors (lane N+I.Phos.) were added (see Section 2). Cytosols were
analyzed by Western blotting using Sec24Cp antibodies to monitor
the evolution of the molecular weight under these conditions.

protein band intensity observed during mitosis was not caused
by degradation of Sec24Cp, but rather by a decreased avidity
of the antibody for the phosphorylated mitotic form.

Taken together, these results strongly suggest that the in-
crease in molecular weight of Sec24 proteins observed during
mitosis was due to phosphorylation.

3.5. Membrane recruitment properties of mitotic Sec24Cp are
altered

This oscillation between two states strongly suggested that
the function of Sec24 proteins is regulated during mitosis by
post-translational modifications. In order to compare the
functional properties of the mitotic and interphase forms of
Sec24Cp, we monitored the recruitment properties of inter-
phase and mitotic forms of Sec24Cp. This functional analysis
was performed using a previously described COPII recruit-
ment assay [13,20,28,29]. Washed ER membranes are incuba-
ted with cytosol under conditions in which COPII can be
recruited to and stabilized on membranes [20]. To compare
the recruitment properties of interphase and mitotic cytosol
within the same assay, we mixed interphase and mitotic cyto-
sols in appropriate quantities in non-permissive buffer, and
incubated this mixture with purified and washed microsomes.
Transferrin receptor (TfR) was used as a membrane marker to
control membrane loading. We verified that the incubation
conditions did not allow the transformation of mitotic
Sec24Cp to its interphase state (data not shown). As shown
in Fig. 5, the mitotic form of Sec24Cp could not be recruited
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to membranes, contrary to the interphase form. These results
strongly show that the post-translational modification of
Sec24 proteins during mitosis is linked to an impairment in
COPII coat formation.

4. Discussion

In mammalian cells, intracellular trafficking is blocked dur-
ing mitosis [16]. We have previously shown that the COPII
subcomponent Sec13-31p complex is delocalized in part to the
cytosol during metaphase [18]. In the present work, we dem-
onstrate that post-translational modifications of the COPII
component Sec24Cp take place during mitosis: upon entering
metaphase, O-glycosylated Sec24p is deglycosylated and phos-
phorylated. These modifications affect the recruitment of the
Sec23-24p complex to ER membranes. It is very attractive to
hypothesize that these modifications could contribute to the
block of protein transport between the ER and the Golgi
during mitosis. No apparent post-translational modifications
were observed on Sarlp, Sec23p and Secl3p. The molecular
weight modification affects not only Sec24Cp, but also Sec-
24Ap and Sec24Bp, suggesting that this phenomenon is not
isoform-specific: all Sec24p isoforms contain between five and
eight potential O-glycosylation sites [25]. In the absence of
antibodies against Sec24Dp, we could not verify its status
during mitosis, but we assume that it is also subject to mitotic
post-translational processing.

Using three different methods, we show that Sec24 proteins
are O-GIcNAc modified during interphase, a feature which is
reversibly lost upon entering mitosis (Fig. 3). Cytosolic O-gly-
cosylation is a common post-translational modification de-
scribed on a large set of proteins like transduction signal
effectors, transcription factors, nuclear pore proteins and cy-
toskeletal elements [23]. O-Glycosylation may alter protein
functions. For example, activities of the synaptic terminal
marker synapsin I and the transcription factor Spl are modi-
fied by O-GlcNAcylation [30,31]. A similar post-translational
modification has also been observed on AP3 and AP180, pro-
teins involved in clathrin-mediated endocytosis [32].

Concerning COPII proteins, several studies have suggested
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Fig. 5. Mitotic Sec24Cp is not able to bind interphase membranes
in an in vitro recruitment assay. Membranes from interphase cells
were prepared and washed under mild salt conditions (see Section
2) (third lane from left). In parallel, native cytosol from interphase
and mitotic cells (ratio: 3 X mitotic proteins:1 Xinterphase proteins;
see Section 2) (first lane from left). After the recruitment reaction,
the pellet was separated from the supernatant, and each pellet frac-
tion was analyzed by Western blotting, revealing either TfR (as the
marker of the total membranes used for the recruitment reaction) or
the Sec24Cp bound to the membranes (central lane). The synoptic
table indicates the content of each lane. In the table, Cyt and Mb
mean respectively cytosol and membranes. J signifies no biological
material from the corresponding row.
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that phosphorylation might regulate these of protein com-
plexes and affect their trafficking function between the ER
and the Golgi apparatus. Beside the direct demonstration
that Sec31p is a phosphoprotein [33], most evidence is indi-
rect. Drugs such as the protein kinase inhibitor H89, or phos-
phatase inhibitors such as okadaic acid or microcystin L, in-
hibit early transport events such as the recruitment of COPII
components on the ER membrane [11-13,34]. But the identity
of the proteins targeted by these modifications is still un-
known.

We observed that the loss of sugar residues during mitosis is
accompanied by another modification, which induces a visible
molecular weight change of the protein. We excluded ubiqui-
tination as being responsible for the observed molecular
weight change using antibodies to ubiquitin. We provide
both direct and indirect evidence suggesting that the mitotic
Sec24Cp was phosphorylated. First, using antibodies to phos-
phoserine and phosphothreonine, we could immuno-isolate
Sec24Cp, revealing the phosphorylated status of mitotic
Sec24Cp. Second, taking advantage of the fact that mitotic
cytosol incubated under appropriate conditions enables the
high molecular weight Sec24 protein to return to its original,
interphase state, we postulated that the loss of mass could be
due to a dephosphorylation event, and as such could be
blocked by common phosphatase inhibitors. Indeed, NaF
and orthovanadate were able to block the reappearance of
the interphase molecular weight of Sec24Cp (Fig. 4C), sug-
gesting that phosphatase activity is necessary for this trans-
formation to occur. Taken together, these results suggest that
phosphorylation of Sec24 proteins occurs upon entry of the
cell into mitosis, which in turn is coupled to de-O-glycosyla-
tion and a gain in molecular weight.

Several studies have found a ‘yin-yang’ relationship be-
tween O-GIcNAc and phosphorylation. In most cases, this
interrelationship was established using drugs like phosphatase
inhibitors or kinase activators [25,35,36]. In a few specific
examples, this reciprocal relationship between glycosylation
and phosphorylation has been mapped to the same residue
[27,37-39]. However, for other proteins, the functional role
of O-glycosylation/O-phosphorylation was less clear [37,40].

The sequential recruitment of COPII components to the
membrane, leading to the formation of vesicles, is well char-
acterized [41]. If any step in this cascade of events is inhibited,
anterograde trafficking is prevented. We postulated that the
observed post-translational modifications of Sec24 protein
could influence its recruitment to membranes, as hinted at
by the partial delocalization of the mitotic complex observed
by immunofluorescence. To test this hypothesis, we used a
modified recruitment assay previously described [20,28,29],
and demonstrated that the mitotic deglycosylated, phosphor-
ylated Sec24Cp is unable to bind to interphase membranes
(Fig. 5). Thus, this provides evidence to support the hypoth-
esis that Sec24Cp activity is functionally regulated by post-
translational modifications such as O-glycosylation and phos-
phorylation.

Previous studies have reported that during mitosis, the frag-
mentation of the Golgi apparatus via a COPI-dependent
mechanism as well as through phosphorylation of several pro-
teins involved in the maintenance of the Golgi stacks were
mainly responsible for the block of ER-to-Golgi transport
[42-46]. In this report, we demonstrate that COPII is affected
by a new post-translational modification, namely cytosolic de-
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O-glycosylation, coupled to phosphorylation. This modifica-
tion affects the function of COPII by inhibiting its normal
recruitment on ER membranes, leading to a block in antero-
grade vesicle formation and eventually to the disappearance of
the Golgi cisternae during mitosis. The next step in under-
standing the precise molecular mechanism of the ER-to-Golgi
trafficking block is to identify the enzymes responsible for the
post-translational modifications. O-Glycosylation is mediated
by O-GlcNAc transferase, recently cloned in mammalian cells
[47,48]. However, the mechanisms involved in the control of
O-GIcNAc transferase activity are unknown. The tools de-
scribed in this paper open the way to biochemical character-
ization of the enzymatic activities controlling COPII function
during mitosis.
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