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ABSTRACT The proteasome is responsible for most of the protein degradation that
takes place in the cytoplasm and nucleus. Immunofluorescence and electron microscopy
are used to study proteasome dynamics during the cell cycle in rat Schwann cells.
During interphase, the proteasome is present in the nucleus and cytoplasm and shows
no colocalization with cytoskeletal components. Some cytoplasmic proteasomes always
localize in the centrosome both in interphase and in mitotic cells and only associate with
microtubules during mitosis. The proteasome exits the nucleus during prophase. In
anaphase, the proteasome becomes prominent in the region between the two sets of
migrating chromosomes and in association with interzonal microtubules and stem
bodies. In telophase, the proteasome begins to reenter the nucleus and is prominent in
the midbody region until the end of cytokinesis. The proteasome does not colocalize with
actin or vimentin during mitosis, except for colocalization with actin in the sheet-like
lamellipodia, which serve as substrate attachments for the cell during mitosis. During S
phase, nuclear proteasomes colocalize with foci of BrdU incorporation, but this associ-
ation changes with time: maximal at early S phase and declining as S phase progresses
to the end. These results are discussed in relation to the biochemical pathways involved
in cell cycle progression. GLIA 38:313–328, 2002. © 2002 Wiley-Liss, Inc.

INTRODUCTION

Cell cycle progression involves a complex spatiotem-
poral combination of processes driven by changes in
gene transcription, protein synthesis, protein localiza-
tion, and posttranslational modification of proteins: re-
versible phosphorylation-dephosphorylation, and irre-
versible proteolysis (Nurse, 2000). Intracellular protein
degradation could contribute to the irreversibility of
cell cycle transitions, or it could be necessary to change
the activities of complexes or protein machines impor-
tant in cycle progression (Nurse, 2000). Proteins sub-
ject to regulated degradation include cyclins and cy-
clin-dependent kinase inhibitors, tumor suppressors,
transcription factors, and cell surface receptors. The
ubiquitin-proteasome pathway (Tyers and Jorgensen,
2000) largely accomplishes this protein degradation.
Degradation by this pathway requires the covalent at-
tachment of polyubiquitin to proteins, as well as cleav-

age by proteasomes (Hershko and Ciechanover, 1998).
Proteasomes are large multisubunit proteases (20S)
composed of four heptameric rings in the configuration
�7�7�7�7. These cylindrical particles have their active
sites on the inner walls of a central cavity formed by
the �-subunit rings (Bochtler et al., 1999). To both
�-ring ends of this core 20S proteasome, two ATP-
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dependent 19S caps are believed to be attached, form-
ing a 26S proteasome complex. The functions of these
19S caps would be to recognize ubiquitylated protein
substrates, to unfold those substrates, and to feed them
to the actual protease, the core 20S proteasome (Voges
et al., 1999).

Proteasomes in interphase cells are localized in both
the nucleus and cytoplasm (Rivett et al., 1992; Arizti et
al., 1993; Mengual et al., 1996). More recently, protea-
somes were described to be associated with centro-
somes in interphase cells (Wigley et al., 1999; Fabunmi
et al., 2000). In mitosis, some investigators (Amster-
dam et al., 1993; Wojcik et al., 1995) found colocaliza-
tion of proteasomes with spindle microtubules during
metaphase and anaphase; others (Palmer et al., 1996)
found proteasomes around chromosomes in metaphase
and associated with intermediate filaments (keratin-
type) in interphase. Other workers found an associa-
tion between proteasomes and several cytoskeletal
components in interphase cells (Olink-Coux et al.,
1994; Arcangeletti et al., 1997, 2000; Foucrier et al.,
2001). In contrast, using live fluorescence studies with
a fusion protein of subunit LMP2 (interferon-� [IFN-
�)-inducible �-subunit) and GFP, Reits et al. (1997)
concluded that (1) proteasomes are free (i.e., not asso-
ciated with cytoskeletal components or immobilized on
membranes) within the cytoplasm and nucleus in in-
terphase (throughout the cell during metaphase and
anaphase), and (2) proteasomes only interchange freely
between nucleus and cytoplasm after nuclear envelope
breakdown in mitosis. Two major events of the cell
cycle, the S and M phase, are associated with selective
protein degradation (Tyers and Jorgensen, 2000). A
clear picture of the localization of proteasomes during
cell cycle is needed.

We selected Schwann cells (SC) to study proteasome
localization, as insights into the mechanisms that con-
trol SC growth could have practical consequences in
nerve regeneration (Goldberg and Barres, 2000); this
investigation was a continuation of our previous work
on proteasome localization in the central nervous sys-
tem (CNS) (Mengual et al., 1996). This work presents a
comprehensive study of the localization of proteasome
with respect to cytoskeleton during interphase and M
phase. We also analyze the timing of the exit
(prophase) and entry (telophase and cytokinesis) of
proteasomes from the nucleus; we report, for the first
time, the presence of proteasomes in chromatin regions
engaged in active DNA replication during S phase.

MATERIALS AND METHODS
Primary Cultures of Schwann Cells

Sciatic nerves were dissected from 3-day-old
Sprague-Dawley rats. SC cultures were prepared as
described by (Brockes et al., 1979) and maintained in
DMEM supplemented with 10% fetal bovine serum
(FBS) for 24 h. Then, cytosine arabinoside 10 �M was
added to the culture medium and maintained for 48 h

to obtain highly purified SC cultures. On the fourth
day, SCs were plated in poly-L-lysine-coated coverslips
(Morgan et al., 1991) and maintained for 3 days in 1:1
DMEM/F12 medium supplemented with 10% FBS, 2
�M forskolin, and 20 �g/ml bovine pituitary extract.
For S phase studies, growing SC cells were pulsed for
20 min with bromodeoxyuridine (BrdU) at a final con-
centration of 25 �M and were chased with complete
medium without BrdU.

Antibodies

We used rabbit polyclonal antibodies directed
against the whole 20S-proteasome complex and sub-
units C2 (�) and C5 (�) at 1:150 to 1:300 dilution. These
antibodies were previously characterized (Mengual et
al., 1996; Arribas et al., 1994; Rodriguez-Vilarino et al.,
2000). In studying the localization of the 19S protea-
some regulatory complex, we used rabbit polyclonal
anti-Tbp7 antibodies from Affiniti-Research (UK) at
1:200 dilution. In addition, monoclonal antibodies
against �-tubulin (Amersham Life Sciences, The Neth-
erlands; diluted 1:100), pan-actin (clone 4, Roche, Ger-
many; diluted 1:100), vimentin (clone V9, Roche, Ger-
many; diluted 1:15) were used in experiments aimed to
study the relationship of proteasome localization and
cytoskeleton. Mouse monoclonal anti-nuclear pore com-
plex antibody (clone MAb414, BabCO, Richmond, CA;
diluted 1:5,000) was used for double immunofluores-
cence experiments, to study changes in the nuclear
localization of proteasomes. For studies of S phase, we
used an anti-BrdU monoclonal antibody (RPN 202;
Amersham Life Sciences, The Netherlands) as recom-
mended by the manufacturer.

Immunofluorescence

SCs grown in coverslips were washed twice in phos-
phate-buffered saline (PBS) and were fixed with 3.7%
paraformaldehyde in PBS (20 mM Na Pi, pH 7.4, 0.14
M NaCl) for 15 min at room temperature. Cells were
permeabilized with 0.5% Triton X-100 for 30 min and
were treated with 0.1 M glycine in PBS for 45 min.
Alternatively, the cells were fixed in methanol for 10
min at �20°C.

For immunofluorescence studies, SCs fixed with
paraformaldehyde or methanol were washed in PBS
containing 0.01% Tween 20 for 5 min and incubated
with the primary antibodies diluted in PBS for 1 h at
room temperature. For double-labeling experiments,
the two primary antibodies were incubated sequen-
tially (1 h each). Antibody-binding sites were detected
with secondary antibodies conjugated to either fluores-
cein isothiocyanate (FITC) or Texas Red (TxRed) (Jack-
son Laboratories, USA). The coverslips were mounted
with the antifading medium Vectashield (Vector, USA).
Samples were examined with a confocal microscope
(Bio-Rad MRC-1024) using argon ion (488-nm) and
HeNe (543-nm) lasers to excite FITC and TxRed, re-
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spectively. For double-labeling experiments, images
from the same confocal plane were sequentially re-
corded and superimposed. Controls with pre-immune
sera or secondary antibodies alone were all negative by
immunofluorescence.

Immunoelectron Microscopy

For immunoelectron microscopy, SCs were fixed with
4% paraformaldehyde in 0.1 M cacodylate buffer for 1 h
at room temperature. The cells were scraped from the
dishes, transferred to an Eppendorf tube, and centri-
fuged for 1 min in a microfuge, to pellet the cell cul-
tures. The pellets were washed with 0.1 M cacodylate
buffer, dehydrated in increasing concentrations of
methanol at �20°C, embedded in Lowicryl K4M at
�20°C, and polymerized with ultraviolet (UV) irradia-
tion. Ultrathin sections were mounted on nickel grids
and sequentially incubated with 0.1 M glycine in PBS
for 15 min, 5% BSA in PBS for 1 h, and the anti-
proteasome antibody (diluted 1:50 in PBS containing
1% BSA and 0.1 M glycine) for 1 h. After washing, the
sections were incubated with goat anti-rabbit IgG cou-
pled to 5-nm or 10-nm gold particles (BioCell, UK;
diluted 1:50 in PBS containing 1% BSA). For double
immunoelectron microscopy, samples of SCs pulse-la-
beled with BrdU were fixed in paraformaldehyde and
embedded in Lowicryl K4M as indicated above. Ultra-
thin sections mounted on nickel grids were incubated
sequentially with anti-BrdU monoclonal antibody (di-
luted in 50 mM Tris-HCl, pH 7.6, containing 1% BSA
and 0.1 M glycine) for 14 h at 4°C; with goat anti-mouse
IgG conjugated with 6-nm colloidal gold particles (Au-
rion, Belgium) diluted 1:20 in 0.02 M Tris-HCl, pH 8.2,
containing 1% BSA for 1 h at room temperature; with
rabbit anti-proteasome antibody (diluted 1:50 in PBS
containing 1% BSA and 0.1 M glycine); and with goat
anti-rabbit IgG coupled with 15-nm gold particles (Bio-
Cell, UK, diluted 1:50 in PBS containing 1% BSA) for
1 h at room temperature. After immunogold labeling,
the grids were stained with lead citrate and uranyl
acetate and were examined with a Philips EM208 elec-
tron microscope operated at 60 kV. As controls, ultra-
thin sections were treated as described above with
pre-immune sera from rabbit or mouse or omitting
primary antibodies, no immunogold labeling was ob-
tained under those conditions.

RESULTS
Proteasome Localization During Interphase

and Mitosis With Relation to the Cytoskeleton

We have analyzed the distribution of proteasomes by
double labeling experiments using anti-proteasome an-
tibodies in combination with antibodies against tubulin
(microtubules), actin (microfilaments), and vimentin
(intermediate filaments) in SCs (Mirsky and Jessen,
1999). The aim was to study the possible association of

proteasomes with the cytoskeletal network whose dy-
namics are critical during mitosis. Figure 1A shows a
typical distribution of proteasomes in interphase SCs.
Proteasome is present in both the nucleus and cyto-
plasm, as expected. Within the nucleus, the protea-
some appears widespread throughout the nucleoplasm,
with some brighter dots, whereas the nucleolus and the
peripheral rim of heterochromatin attached to the nu-
clear envelope are not stained. In the cytoplasm, a
similar diffuse distribution with some dots of higher
staining intensity can be observed. By double staining
with anti-proteasome and anti-tubulin antibodies (Fig.
1B, merged Fig. 1C), no association between the pro-
teasome and the microtubule network can be detected,
except for the strong colocalization within the centro-
some.

In early prophase (Fig. 1D–F), chromosome conden-
sation occurs, and duplicated centrosomes move along
the nuclear envelope in the SCs. At this mitotic stage,
proteasome staining in the nucleus begins to disappear
from the chromosomal territories, and the remaining
labeling appears localized to the nucleoplasmic inter-
stices among the condensing chromosomes. In the cy-
toplasm proteasome, immunofluorescence shows a dif-
fuse distribution with a clear increase at the
centrosomes. By late prophase (Fig. 1G–I), proteasome
immunofluorescence was completely absent from the
nucleus and, within the cytoplasm, it is prominent at
the two centrosomes. At metaphase, the proteasome
signal was heavily concentrated in the punctate cen-
trosomes, with some detected along the polar and ki-
netochore microtubules, but it is absent from the astral
microtubules (Fig. 1J–L). During early anaphase, pro-
teasome immunofluorescence is located at the centro-
somes, along the polar and kinetochoric microtubules,
and in the mid-zone region between the separating
daughter chromosomes (Fig. 2A–C). By late anaphase,
when the chromosomes have almost reached the oppo-
site spindle poles, proteasome immunofluorescence ap-
pears strongly concentrated in the centrosome, and in
association with the interzonal microtubules and stem
bodies (Fig. 2D–F). At late telophase, proteasomes are
concentrated in the cytoplasmic midbody and begin to
reappear inside the reassembled nuclei (Fig. 2G–I). As
the telophase ends and cytokinesis begins, proteasome
immunofluorescence is clearly observed in the nuclei of
the two separating cells, and a brilliant focus of pro-
teasome immunostaining is observed in the slender
connecting bridge between the separating daughter
cells (Fig. 2J–L). In addition, sheet-like lamellipodia,
which are thought to exert tension to separate the
daughter cells, were commonly immunostained for pro-
teasomes during telophase and cytokinesis (see below).
Note that the proteasome is also localized during telo-
phase and cytokinesis in the centrosome of the two
separated cells (see arrows, Fig. 2I,L); its less promi-
nent appearance is attributable to focusing at the plane
of separation of the two round sister cells.

The relationship of proteasome localization with re-
spect to actin (microfilaments) and vimentin (interme-
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Fig. 1. Localization of proteasomes with respect to microtubules
during interphase and mitosis in Schwann cells. Double immunoflu-
orescence experiments with anti-whole proteasome (red) and anti-�-

tubulin (green) antibodies. Interphase (A,B, and merge C). Early
prophase (D,E, and merge F). Late prophase (G,H and merge I).
Metaphase (J,K and merge L). Arrows point to centrosomes.
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Fig. 2. Localization of proteasomes with respect to microtubules
during mitosis in Schwann cells. Double immunofluorescence with the
anti-whole proteasome (red staining) and anti-�-tubulin (green stain-
ing) antibodies. In early anaphase, a prominent centrosome (arrow) is
shown in this plane immunostained with the anti-whole proteasome
antibody (A,B, and merge C). D,E, and merge F: late anaphase

showing a high concentration of proteasomes (asterisks) at the inter-
chromosomal mid-region. G,H, and merge I: telophase illustrating the
accumulation of proteasome (arrows) at the interzonal. During late
telophase proteasome staining reappears in the cell nucleus (J,K, and
merge L). Note the concentration of proteasome at the mid-body
(arrows) of the intercellular bridge during cytokinesis.



diate filaments) was subsequently explored. Actin or-
ganization in SC cells during interphase (Fig. 3B)
shows the typical distribution pattern, with long bright
bundles along the main axis of the cell (Weiner et al.,
2001). Double-labeling experiments using anti-actin
and anti-proteasome antibodies demonstrate no colo-
calization of actin cytoskeleton with proteasomes (Fig.
3A). Similarly, at metaphase and anaphase, protea-
some distribution (Fig. 3C) does not colocalize with the
actin-rich cell cortex of SC (Fig. 3C,D). Proteasome
immunostaining was also absent in the cortical actin
domains of the cleavage furrow and in the contractile
ring during telophase and cytokinesis (Fig. 3E–H).
Noteworthy is the presence of a bright spot of protea-
some staining between the actin rings at the midbody
region. There is a clear exception to the general con-
clusion that actin cytoskeleton and proteasome do not
colocalize in both interphase and mitotic SCs: actin and
proteasome colocalize in the actin-rich cortical domains
involved in the formation of blebs or sheet-like lamel-
lipodia. These two dynamic structures are assembled
and disassembled to increase and release tension, re-
spectively, in regions of substrate cell adhesion, espe-
cially during cytokinesis. Note that tubulin and vimen-
tin (Fig. 3; and see below) are absent from these
membrane blebs.

Similar double immunofluorescence studies with
proteasomes and the major intermediate filament pro-
tein in the SCs, i.e., vimentin, show no colocalization of
immunolabeling with the two antibodies in either the
interphase cells (Fig. 3I,J), in which vimentin shows
the characteristic bundles of filaments, or the mitotic
cells (Fig. 3K–N), in which the vimentin signal is dif-
fusely distributed at the cell periphery and excluded
from cell sites enriched in proteasome signal, such as
mitotic spindles and the interchromosomal mid-zone
region.

The proteasomal distribution during mitosis (see
above) is independent of the method of cell fixation,
whether methanol or formaldehyde. Furthermore, al-
most identical distribution was observed when protea-
some localization was performed with antibodies spe-
cific for single subunits of the proteasome. As shown in
Figure 4, polyclonal antibodies directed against single
proteasomal subunits: C2 (�-subunit, Fig. 4A,D,G,J)
and C5 (�-subunit, Fig. 4B,E,H,K) gave a strong im-
munofluorescence signal in the same intracellular lo-
cations as those described above with the anti-whole
proteasome antibodies. The reduced level of nuclear
staining in interphase with the subunit-specific anti-
bodies (almost absent in the case of the anti-C5 anti-
body), compared with whole proteasome antibody
staining, is probably attributable to masking of
epitopes recognized by these antibodies in the nuclear
proteasome population (Arribas et al., 1994; Rodriguez-
Vilarino et al., 2000). As the 20S proteasome forms a
complex with the 19S regulator to form the 26S–pro-
teasome complex (Voges et al., 1999), it was interesting
to demonstrate whether a similar distribution of the
19S cap could be observed during mitosis. To that end,

Fig. 3. Localization of proteasomes with respect to microfilaments
and intermediate filaments during interphase and mitosis in
Schwann cells. Double immunofluorescence with anti-whole protea-
some and anti-actin, or anti-vimentin antibodies. Interphase: actin
(A,B); vimentin (I,J). Metaphase: actin (C,D), vimentin (K,L). Late
telophase: actin (E,F) and vimentin (M,N). Cytokinesis: actin (G,H).
During interphase (A,B) actin staining is prominent in stress fibers,
no colocalization with anti-proteasome staining. At metaphase, pro-
teasome is particularly concentrated at centrosomes (C, arrows),
while actin staining is mainly distributed at the cell cortex (D, ar-
rows). During telophase, a focal accumulation of proteasome is visible
at the mid-body (E, arrow), whereas the contractile ring of the inter-
cellular bridge shows a prominent actin staining (F, arrows). In cyto-
kinesis proteasome and cortical actin colocalize in the blebs or sheet-
like lamellipodia (G,H, arrows) formed by the cell membrane of
daughter cells. No clear colocalization was observed in double staining
with anti-proteasome and anti-vimentin (I–N).
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we used polyclonal antibodies directed against one of
the subunits of the base of the 19S-regulator complex,
Tbp7. The results obtained (Fig. 4C,F,I,L) are similar
to those described with the anti-20S proteasome anti-
bodies (cf. Figs. 1, 2, 4) and with anti-subunit specific
antibodies (also shown in Fig. 4). These results illus-
trate that a part of the cellular 19S complex behaves

like the 20S proteasome catalytic core during inter-
phase and mitosis, whereas they apparently colocalize
only partially (see Discussion).

To demonstrate further the subcellular structures to
which proteasomes are associated during mitosis, we
performed immunoelectron microscopic localization,
using the anti-whole proteasome antibody. Labeling of

Fig. 4. Localization of proteasomes with antibodies specific for pro-
teasomal subunits of the 20S complex and with an anti-Tbp7 antibody
(a subunit of the 19S regulatory complex) in interphase cells and
mitosis. Anti-C2 antibody staining is observed in the cytoplasm and
cell nucleus, excluding the nucleolus, of a interphase Schwann cell
(A), in the nucleoplasmic domains among condensing chromosomes
(arrows) in prophase (D), in centrosomes (arrows) and in the inter-
chromosomal mid-region (asterisk) in anaphase (G), and in the cyto-
plasm and cell nucleus at the late telophase (J). Anti-C5 antibody
exhibits little immunostaining of the cell nucleus in interphase (B);

immunostaining is present in centrosomes (black arrows) and absent
from condensing chromosomal domains (asterisks) in prophase (E); in
anaphase the staining is concentrated in centrosomes and in the
mid-region (H, black arrows and asterisk, respectively) and in telo-
phase is concentrated in the interzonal region (K, white arrow). Anti-
Tbp7 antibody staining is concentrated in the cell nucleus, excluding
the nucleolus, during interphase (C) and in centrosomes (white ar-
rows) in prometaphase (F), metaphase (I), and telophase (L) cells.
Note the absence of immunolabeling in the condensing chromosome
domains of the prometaphase (F).
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control sections with pre-immune sera or secondary
antibody was negligible. The results in Figure 5 are
representative of at least 20 SCs for each of the mitotic
stages depicted. Figure 5A shows the localization of
proteasomes within the centrosome of a cell in meta-
phase; the immunogold particles were found over the
pericentriolar matrix and also decorated the adjacent
cytoplasmic area of distribution of polar and kineto-
chore microtubules around the chromosomes. Further-
more, during anaphase, immunogold particles were
concentrated in a mid-zone equatorial region of the cell
between separating daughter chromosomes of a cell in
anaphase. Finally, Figure 5C illustrates the distribu-
tion of proteasome immunogold particles in a bleb of
the plasma membrane of a cell in telophase. These
results illustrate the major findings of proteasome lo-
calization during mitosis by confocal immunofluores-
cence microscopy at the ultrastructural level.

Nuclear Export and Import of Proteasomes
During Mitosis

The changes that occur in the nuclear contents of
proteasome during mitosis are described above. Because
this process is a key mechanism for the control of the
activity of many proteins participating in cell cycle regu-
lation, we have performed a detailed analysis of nuclear
exit and entry of proteasomes during mitosis. In early
prophase, the level of proteasomal staining within the
nucleus is reduced, with respect to interphase SCs (Fig.
6A). During prometaphase (Fig. 6B), nuclear staining
of the proteasome decreases, and the cytoplasmic pro-
teasome becomes quite prominent at separating cen-
trosomes (as described above). To obtain further evi-
dence, double immunofluorescence experiments were
carried out with anti-proteasome and with a monoclo-
nal antibody against the nuclear pore complex (NPC).
Figure 6E,F clearly demonstrates that redistribution of
the proteasome is initiated during prophase (Fig. 6E),
when the nuclear envelope is totally preserved (Fig.
6F) and the delineation of condensed chromosomes free
of anti-proteasome staining during prometaphase (Fig.
6G) is associated with total disassembly of the nuclear
envelope (Fig. 6H). These results clearly suggest that
the nuclear export of proteasome begins during early
prophase, when the nuclear envelope is still intact and
goes in parallel with chromosome condensation.

Proteasome entry into the cell nucleus takes place
during late telophase and cytokinesis and after the two
daughter cells have separated. Figure 6C shows an
early telophase, in which proteasome staining is dis-
tributed through the cytoplasm, with a strong concen-
tration at the centrosomes and in the region in which
the cleavage furrow is beginning to separate the two
cells. By late telophase, when nuclear envelope is fully
reassembled (Fig. 6D), proteasome immunofluores-
cence begin to appear inside the nucleus (note that
chromosomal decondensation is almost complete).
Again, to demonstrate further the dynamics of protea-

some translocation, we performed double immunofluo-
rescence studies with anti-proteasome and anti-NPC
monoclonal antibody. In early telophase, the protea-
some is located almost exclusively in the cytoplasm
(Fig. 6I), and the nuclear envelope is almost completely
re-formed (Fig. 6J). During late telophase, the protea-
some begins to reappear in the cell nucleus (Fig. 6K),
and the nuclear envelope is completely assembled (Fig.
6L). These results clearly suggest that the nuclear im-
port of the proteasome is initiated during late telo-
phase, when the nuclear envelope is almost fully recon-
stituted, and appears to go in parallel with
chromosome decondensation.

To demonstrate further the changes in nuclear pro-
teasomes during prophase and telophase, we also per-
formed immunoelectron microscopic studies for protea-
some localization. Figure 7A,B depicts representative
immunogold labeling of prophase cells; controls with
pre-immune sera or secondary antibodies were nega-
tive. Proteasome immunogold particles were associated
with dispersed chromatin domains among condensed
chromatin masses, with the nucleoplasmic border of
heterochromatin and with the nuclear envelope. Gold
particles were conspicuously absent in the heterochro-
matin regions. In addition, clusters of gold particles
decorated small nuclear microdomains composed of
dense material that appeared scattered through the
nucleoplasm. During the re-formation of daughter cell
nuclei in telophase, gold particles of proteasome immu-
noreactivity reappeared in the cell nucleus (Fig. 7B).
They specifically labeled both electrolucent nucleoplas-
mic areas of variable size that were localized among
decondensing chromosomes as well as the narrow nu-
cleoplasmic interstices created by the unfolding of chro-
matin fibers. Some immunogold particles also ap-
peared in the reassembled nuclear envelope. These
results illustrate the results obtained with confocal
immunofluorescence microsocopy at a higher resolu-
tion (i.e., the ultrastructural level).

Dynamics of Proteasome During the S Phase of
the Cell Cycle

One advantage of using primary culture SC cells is
that they can be easily synchronized by serum starva-
tion. Their entrance into the cycle is promoted by the
addition of forskolin, serum, and pituitary extract,
which produce a culture in which approximately 40% of
cells enter synchronously in S phase, as judged by the
incorporation 5-bromodeoxyuridine (data not shown).
We performed double immunofluorescence experi-
ments with anti-BrdU and anti-proteasome antibodies
of SC cells that received a pulse with BrdU for 20 min
and were washed and then followed for the next 4 h.
Figure 8 shows the representative results obtained at
three stages of S phase. In early S phase, when DNA
replication localizes mainly in dispersed chromatin do-
mains all over the nuclear interior (Hozak et al., 1994;
Mazzotti et al., 1998; Wei et al., 1998), proteasome
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Fig. 5. Immunoelectron microscopy distribution of proteasome in
mitotic Schwann cells. A: Spindle pole of a metaphase showing a
prominent centrosome with a pair of centrioles. Immunogold particles
for proteasome mainly decorated the pericentriolar matrix (arrow-
heads). Some particles extend away from the centrosome in the area
of distribution of the kinetochoric and polar microtubules. Note the
presence of proteasome labeling at the edge of a chromosome (arrows).

B: Anaphase illustrating the mid-equatorial zone between separating
daughter chromosomes (Ch). Several clusters of gold particles for
proteasome are visible in this region (arrowheads). C: Detail of a
lamellipodium of a Schwann cell in telophase. Note the axial cytoskel-
eton of microfilaments and the presence of proteasome gold particles
at the cell cortex of this lamellipodium (arrowheads). Scale bars � 0.1
�m in A,B,C.
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immunostaining exhibited a diffuse nucleoplasmic pat-
tern with some small foci (Fig. 8A). BrdU incorporation
also showed a diffuse nucleoplasmic staining in addi-
tion to small foci (Fig. 8B). Most important, superposi-
tion of the two images shows that proteasome colocal-
izes with BrdU for most part of the nuclear foci (Fig.
8C). By mid-S phase, when BrdU incorporation ap-
pears to be associated mostly with the border of het-
erochromatin clumps at the nuclear and nucleolar pe-
riphery (Hozak et al., 1994; Mazzotti et al., 1998; Wei
et al., 1998), the colocalization of proteasome and BrdU
foci shows minor changes with respect to early S phase
(Fig. 8D–F). Late S phase is characterized by the pres-
ence of large clusters of BrdU incorporation, concurring
with masses of heterochromatin at the nuclear periph-
ery, as illustrated in Figure 8H, and as previously
demonstrated (Hozak et al., 1994; Mazzotti et al., 1998;
Wei et al., 1998). At this stage, there is little colocal-
ization of BrdU and proteasome clusters (Fig. 8G–I).
Similar results were obtained with anti-Tbp7 antibody
(data not shown), indicating that not only the 20S
proteasome catalytic core, but also the 19S proteasome
regulatory complex, is present at chromosomal regions
in which BrdU incorporation takes place during S
phase.

To demonstrate the actual colocalization of protea-
some and regions of BrdU incorporation during S
phase, we performed double immunogold staining with
anti-BrdU and anti-proteasome antibodies; controls
with rabbit and mouse pre-immune sera were negative.
Figure 9 shows a representative nucleus of a cell at
mid-S phase; some gold particles of BrdU clearly colo-
calize with gold proteasome particles in small nuclear
foci, whereas others do not colocalize. Colocalization of
BrdU and proteasome is observed only on the dispersed
chromatin, but not on the peripheral masses of hetero-
chromatin; this ultrastructural image is fully compat-
ible with observations by confocal microscopy.

Fig. 6. Nuclear exit and reentry of proteasomes during mitosis.
A–D: Simple immunofluorescence with the anti-whole proteasome
antibody. In early prophase, nuclear proteasome is distributed in the
narrow nucleoplasmic interstices among condensing chromosomes, at
the nuclear envelope and in the centrosome (A, black arrow). During
prometaphase, condensed chromosome domains are free of immuno-
staining, while a strong staining is observed at the centrosomes (B,
black arrows). In early telophase proteasome immunoreactivity is
absent from the cell nucleus (C, white asterisks) and reappears during
late telophase (D, black asterisks). E–L: Double immunofluorescence
experiments with the anti-whole proteasome and the anti-nuclear
pore complex (NPC) antibodies. Redistribution of proteasome initiates
during prophase, when the nuclear envelope is completely preserved
(E,F). The complete delineation of condensed chromosome domains
free of proteasome immunostaining during prometaphase (G) is asso-
ciated with total disassembly of the nuclear envelope (H). In early
telophase (I,J) the nuclei of daughter cells show complete absence of
proteasome signal (white asterisks), while the nuclear envelope is
almost completely reformed (J, white arrowheads). During late telo-
phase, proteasome reappears within the cell nuclei (K, black aster-
isks) when the nuclear envelope is completely assembled (L, white
asterisks).
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DISCUSSION

Cell cycle progression involves a complex spatiotem-
poral combination of processes orchestrated by the cy-
clin-dependent protein kinases. Two main biochemical
mechanisms, protein phosphorylation-dephosphoryla-
tion and proteolysis, have a central role in cell cycle
control (Nurse, 2000). Only recently has protein local-
ization warranted more attention as an important
mechanism of cell cycle control (LaBaer et al., 1997;
Donaldson and Blow, 1999; Cerutti and Simanis, 2000;
Muller et al., 2000). Live fluorescence imaging has
emerged as the ideal approach to study spatiotemporal
changes in protein distribution. However, this tech-
nique requires initial validation with conventional in-
direct immunofluorescence as well as careful interpre-
tation of the results; it can also require ultrastructural
confirmation. Detailed conventional immunofluores-
cence studies combined with electron microscopy are
still indispensable tools with which to study protein
localization and dynamics in the cell. We have followed
the latter approach to study the dynamics of protea-
some distribution during cell cycle in SCs. Major find-
ings have also been verified in NRK and HeLa cells.

The results presented are of general application for
proteasome localization during the cell cycle in mam-
malian somatic cells. We have used polyclonal antibod-

ies against the whole 20S proteasome complex; in these
studies, no significant differences were obtained when
subunit-specific antibodies were used (Figs. 1, 2, 4),
except for some changes in nuclear staining in inter-
phase cells. These differences in nuclear staining are
attributable to epitope masking in the nuclear protea-
some population, and not to differences in the amount
of those subunits in the pool of the nuclear proteasome
population (Arribas et al., 1994; Rodriguez-Vilarino et
al., 2000). Epitope masking may also explain some of
the changes reported when immunofluorescence stud-
ies are performed with monoclonal antibodies to spe-
cific proteasomal subunit (Wojcik et al., 1995). We have
also used antibodies against Tbp7, a component of the
base of 19S regulatory complexes (Voges et al., 1999),
obtaining a similar cellular distribution and dynamics
for this complex as for the 20S–proteasome complex.
Although we were unable to carry out colocalization
studies in rat SCs with anti-proteasome and anti-Tbp7
antibodies, some colocalization has been demonstrated
using human cell lines (Wigley et al., 1999). Ours re-
sults demonstrate that a part of the cellular 19S com-
plex behaves like the 20S proteasome catalytic core,
but this finding does not suggest that all 20S complexes
are associated with the 19S complex forming the 26S
complex. Initial (Yang et al., 1995) and more recent
studies (Brooks et al., 2000; Tanahashi et al., 2000)

Fig. 7. Nuclear distribution of proteasome in prophase and telo-
phase Schwann cells studied by immunoelectron microscopy. A:
Prophase Schwann cell showing immunogold particles for proteasome
(arrowheads) distributed throughout nuclear interstices of dispersed
chromatin among the condensing chromosomes (Ch), which appear

free of immunolabeling. Some gold particles are associated with the
nuclear envelope (arrows). B: Telophase Schwann cell showing reap-
pearance of proteasome in the cell nucleus. Gold particles (arrow-
heads) are visible on the nucleoplasmic interstices among the dense
threads of unfolding chromatin fibers. Scale bar � 0.1 �m in A,B.
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show that only a fraction of the 20S proteasome is
associated with the 19S complex (forming the 26S com-
plex) in the cell, albeit dissociation of the complex dur-
ing isolation cannot be excluded. The 19S complex,
without requirement of the 20S catalytic component,
plays a role in DNA excision repair in yeast (Russell et
al., 1999; Gillette et al., 2001) and in elongation of RNA
pol II transcription (Ferdous et al., 2001). These results
support the notion that the function of 19S complex is
not limited to the delivery of ubiquitylated proteins to
the 20S proteasome for degradation.

The distribution of proteasome in interphase SCs is
similar to that reported in other mammalian somatic
cells (Rivett et al., 1992; Arizti et al., 1993; Amsterdam
et al., 1993; Palmer et al., 1994; Wojcik et al., 1995;
Mengual et al., 1996). The proteasome shows a diffuse
nuclear and cytoplasmic distribution. Within the nu-
cleus, proteasomes are excluded from the nucleoli and
from a peripheral rim, clearly corresponding to the
distribution of heterochromatin clumps associated with
the nuclear envelope. In interphase, we found no colo-
calization of proteasomes with the components of cy-

Fig. 8. Nuclear localization of proteasomes during S phase of the
cell cycle. Schwann cells were pulse-labeled with BrdU for 20 min and
were chased with complete medium without BrdU. Cells were pro-
cessed for double immunofluorescence analysis with the anti-whole
proteasome (red-staining) and anti-BrdU (green-staining) antibodies.

Early S phase (A,B, and merge C). Middle S phase (D,E, and merge
F). Late S phase (G,H, and merge I). Proteasome and BrdU colocalize
in several nuclear foci (arrows) distributed throughout the
nucleoplasm.
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toskeleton (tubulin, actin, and vimentin) in SCs. These
results are in agreement with the proteasome distribu-
tion reported by Reits et al. (1997), using live fluores-
cence imaging with a GFP-LMP2 fusion construct in
HT1080 (human fibrosarcoma cell line), although these
investigators did not validate their live fluorescence
studies with indirect immunofluorescence.

We found proteasome localization in the centrosome,
not found in early reports (Rivett et al., 1992; Palmer et
al., 1994; Wojcik et al., 1995; Mengual et al., 1996) and
reported more recently (Wigley et al., 1999; Fabunmi et
al., 2000). Proteasomes also localized along the kineto-
choric and polar microtubules during mitosis. Although
the presence of proteasomes in centrosomes is a con-
stant finding throughout the cell cycle, the association
with microtubules only appears clearly during mitosis.
Reits et al. (1997) did not describe the localization of
proteasomes in centrosomes (interphase or mitosis) or
the microtubule association during mitosis. Using pho-
tobleaching experiments, these investigators estimate
that only 3% of the nuclear proteasome and 8% of the
cytoplasmic proteasome is immobilized. In our opinion,
they overinterpret their results by concluding that pro-
teasomes cannot be found accumulated in discrete sub-
cellular localization, arguing that those are artifacts of
cell fixation. A guide to interpret these experiments on
proteasome localization is the careful (live fluorescence
and immunofluorescence) experiments performed by
(Phair and Misteli, 2000) on proteins that show local-
ization to discrete nuclear compartments (i.e., splicing
factors and nucleolar and nucleosomal binding pro-
teins). These nuclear proteins move as free proteins in
the nucleus (i.e., they are not immobilized in the cor-

responding compartments), and their localization is
the reflection of the steady-state association/dissocia-
tion with those nuclear compartments.

As a consequence, we can formulate an interpreta-
tion that reconciles both data from indirect immuno-
fluorescence and live fluorescence studies on protea-
somes. Proteasomes, although free within the nucleus
and cytoplasm, show discrete intracellular regions in
which their steady-state concentration is higher. Such
regions (e.g., centrosome, microtubules, and nuclear
and cytoplasmic dots) are not formed by sequestered
proteasomes; rather, they are in equilibrium with the
rest of the proteasome population within the cytoplasm
(or the nucleus). We have also shown that proteasomes
do not colocalize with actin and vimentin during mito-
sis. These results provide another argument in favor of
the specificity of the association of proteasomes with
microtubules and centrosomes. The exception is pro-
teasome localization with actin in the sheet-like lamel-
lipodia, which help the cell attach to substratum. This
association occurs during all steps of mitosis, and es-
pecially during telophase and cytokinesis. These sheet-
like lamellipodia are highly dynamic structures that
rapidly arise and retract in different domains of the cell
cortex. Our results clearly suggest that the proteasome
may play a role in the assembly-disassembly cycle of
these cortical structure processes (Cooper and Schafer,
2000; Goode et al., 2000).

The distribution of proteasomes during mitosis is an
indication of regions in which preferential proteolysis
might take place. It is noteworthy that cyclin B1 deg-
radation begins at the centrosomes and in the mid-zone
region between the chromosomes during anaphase

Fig. 9. Electron micrographs of S phase Schwann cells labeled with
anti-BrdU and anti-proteasome antibodies. Developing was per-
formed with gold-labeled secondary antibodies, anti-mouse (for anti-
BrdU, 6 nm) and anti-rabbit (for anti-proteasome, 15 nm). A: Two
small cluster containing both BrdU and proteasome gold particles are

visible over euchromatin (arrows). Some gold particles for proteasome
appear scattered throughout the euchromatin (arrowheads). B: High-
power view of a cluster of gold particles marking a replication site, in
which 6-nm particles of BrdU colocalize with proteasome (15 nm).
Scale bar � 0.1�m in A,B.
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(Clute and Pines, 1999), precisely the two regions in
which proteasome immunofluorescence demonstrates
higher steady-state levels. Furthermore, localization of
the APC–cyclosome complex (Kurasawa and Todokoro,
1999), responsible for the ubiquitylation of cyclin B
(and other proteins during metaphase to anaphase
transition), follows a similar distribution as protea-
somes, localized in the centrosomes and mitotic spin-
dles throughout mitosis and in the midbody during
telophase and cytokinesis. In contrast, the APC–cyclo-
some complex is also localized in the kinetochores from
prophase to anaphase (Jorgensen et al., 1998; Kura-
sawa and Todokoro, 1999), but this localization is not
found for the proteasome. The localization of protea-
somes in the centrosome during mitosis may also indi-
cate that proteasomes are implicated in the degrada-
tion of proteins that cannot be transported through the
secretory pathway due to the disassembly of the endo-
plasmic reticulum and Golgi complex during mitosis
(Zaal et al., 1999; Farmaki et al., 1999; Chao et al.,
1999). This physiological situation is similar to the
cellular stress induced with the expression of mutant
membrane proteins that cannot reach their final desti-
nation in the secretory pathway, such as the �F508
mutant CFTR that becomes accumulated in the centro-
some (Wigley et al., 1999) given rise to the formation of
aggresomes (Johnston et al., 1998; Notterpek et al.,
1999).

Our results demonstrate, for the first time, the nu-
clear proteasome dynamics during mitosis. Proteasome
export from the nucleus begins in early prophase and is
absent from the nucleus in late prophase. The reentry
of proteasome into the nucleus begins late in telophase
and continues during cytokinesis, when the nuclear
envelope has been completely reassembled. These re-
sults suggest that proteasome export and import to the
nucleus is a regulated process during mitosis. The mas-
sive exit of the nuclear proteasome in prophase is co-
incident with the reported massive entry of cyclin B1 to
the nucleus due to inhibition of cyclin B1 export (Clute
and Pines, 1999). The reciprocal nuclear translocation
of cyclin B1 and proteasomes during prophase can be
considered an additional mechanism that contributes to
cyclin B accumulation in the nucleus, allowing the cdk–
cyclin B complex to reach its higher level of activity.

We have shown the dynamic association between
proteasomes and chromosomal regions actively en-
gaged in DNA replication during S phase (Figs. 8, 9).
DNA synthesis during S phase begins by the formation
of pre-RC complexes at replication origins. These pro-
cesses can be described as the cooperation between
several matchmaker proteins, allowing the final load-
ing of DNA polymerase (Tye, 1999). What could be the
function of the proteasome association with regions of
chromatin engaged in active replication? The obvious
answer is that proteasome degrades some proteins,
permitting the remodeling of the protein complexes
involved in the firing of replication origins. In Saccha-
romyces cerevisiae, one of such proteolytic events is the
degradation of Cdc6p (Piatti et al., 1995), while in

mammals the Cdc6p homologue is not degraded, but
rather is transported out of the nucleus (Fujita et al.,
1999). Another protein candidate is the newly identi-
fied protein Cdt1 of S. pombe, and its homologues in
Xenopus laevis and mammals, which cooperate with
Cdc6 to promote DNA replication (Nishitani et al.,
2000; Maiorano et al., 2000) and are removed by pro-
teolysis at the initiation of DNA synthesis. Neverthe-
less, we suggest another possible function of protea-
somes in DNA replication, and probably in other
phases of the cell cycle as well. Although the ATPase
subunits of the base of the 19S complex are believed to
drive protein unfolding before degradation, the 19S
complex alone or in association with the 20S protea-
some (26S proteasome complex) also function as chap-
erones (Braun et al., 1999; Strickland et al., 2000). The
role of the proteasome in DNA transactions has some
direct experimental support. It has been shown that
the yeast 19S complex, but not the proteolytic activity
of the 20S catalytic core, participates in nucleotide
excision repair in yeast (Russell et al., 1999; Gillette et
al., 2001). From a functional point of view, six subunits
of the base of the 19S complex (Voges et al., 1999), and
the proteins involved in the formation of pre-RC com-
plexes (also in prokaryotes) belong to the AAA family of
ATPases (Lee and Bell, 2000). In prokaryotes, the
ClpA/XP protease (functional homologues of protea-
some) also serves a dual function. ClpAX/P behaves as
a chaperone (ClpA and ClpX are also members of the
AAA family of ATPases), or as a proteases (ClpA and
ClpX use ATP hydrolysis to unfold substrates to be
degraded by the ClpP catalytic core). Both activities of
ClpA/XP have been shown to be important for DNA
replication in prokaryotes (Wawrzynow et al., 1996;
Jones et al., 1998; Jenal and Fuchs, 1998). As a conse-
quence, we suggest that proteasome complexes can
serve a dual function in DNA replication, contributing
through the 19S complex (alone or in association with
the 20S catalytic core) to chaperon certain proteins
required for DNA synthesis and producing the remod-
eling of those complexes by selective degradation of
some of the proteins involved.

In conclusion, we demonstrate the location of the
proteasomes in the mammalian cell during the major
events of cell cycle, S and M phase. Even if unimpeded
motion in the nucleus and cytoplasm of proteasomes
and their putative substrates determines the rate of
productive collisions, it is clear that the steady-state
concentration of proteasomes shows preferential sub-
cellular localization within the cell that changes during
the cell cycle.
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