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Abstract
In growing HeLa cells, severe stress elicited by the oxidant
hydrogen peroxide inhibits classical nuclear import. Oxidant
treatment collapses the nucleocytoplasmic Ran concentra-
tion gradient, thereby elevating cytoplasmic GTPase levels.
The Ran gradient dissipates in response to a stress-induced
depletion of RanGTP and a decreased efficiency of Ran
nuclear import. In addition, oxidative stress induces a
relocation of the nucleoporin Nup153 as well as the nuclear
carrier importin-b, and docking of the importin-a/b/cargo
complex at the nuclear envelope is reduced. Moreover, Ran,
importin-b and Nup153 undergo proteolysis upon oxidative
stress. Caspases and the proteasome degrade Ran and
importin-b; however, ubiquitination of these transport factors
is not observed. Inhibition of caspases in stressed cells
alleviates the mislocalization of importin-b, but does not
restore the Ran concentration gradient or classical import. In
summary, inhibition of classical nuclear import by hydrogen
peroxide is caused by a combination of multiple mechanisms
that target different components of the transport apparatus.
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Introduction

Stress is implicated in the pathophysiology of ischemia, heart
failure, hypertension and cancer. Moreover, the appropriate
response to oxidative stress determines aging and influences
the life span of an organism (reviewed in Finkel and Holbrook1).
On a subcellular level, stress changes the nucleocytoplasmic

distribution of proteins (reviewed in Hood and Silver2). For
instance, in cells that have been treated with reactive oxygen
species, a variety of transcription factors relocalize within the
cell to modulate gene expression (reviewed in Finkel and
Holbrook1 and Allen and Tresini3). Therefore, defining the
response to stress on a subcellular level, in particular with
respect to nucleocytoplasmic trafficking of macromolecules,
will contribute significantly to our understanding of the stress
response and stress-related pathophysiology.
Oxidative stress activates several signaling cascades,

including the MAPK family members ERK1/2, JNK/SAPK
and p38. Likewise, the PI(3)-kinase/Akt pathway becomes
active (reviewed in Finkel and Holbrook,1 Robinson and
Cobb4 and Rhee5). Importantly, cell-specific differences in the
activation of signaling pathways have been observed (re-
viewed in Robinson and Cobb4). In HeLa cells, hydrogen
peroxide induces phosphorylation of the MAPKs ERK, JNK/
SAPK and p38.6 Hydrogen peroxide not only activates several
signal transduction pathways, it may also activate the nuclear
proteasome, thereby increasing the degradation of proteins
damaged by oxidants.7

Nucleocytoplasmic trafficking of macromolecules is sensi-
tive to stress; heat shock, ethanol and oxidative stress inhibit
classical nuclear protein import.8,9,10 In growing yeast cells
and in semi-permeabilized smooth muscle cells in vitro,
oxidants have been shown to interfere with classical nuclear
import. In these model systems, redistribution of the small
GTPase Gsp1p/Ran from the nucleus to the cytoplasm is
believed to contribute to nuclear import inhibition.8,9 In
digitonin-treated aortic smooth muscle cells, the MAPK
ERK2 plays a role in classical transport inhibition triggered
by hydrogen peroxide, and transport inhibition can be over-
come if ERK2 activation is prevented.9 So far, the effect of
oxidative stress on classical nuclear import in growing
mammalian cells has not been studied.
Like cytoplasmic transport factors, nucleoporins are in-

volved in nucleocytoplasmic trafficking of proteins and RNA
(reviewed in Stochaj and Rother,11 Görlich and Kutay12 and
Kuersten et al.13). For instance, Nup153, a member of the
FXFG family of nucleoporins, is located at the nuclear basket,
where it participates in the termination of classical nuclear
protein import.14 Despite these previous studies, it is presently
not clear how trafficking across the NPC changes in response
to stress. To address these questions, we have now analyzed
the effect of oxidative stress on classical nuclear import in
growing HeLa cells and in vitro. Our results show that
components of the nuclear transport apparatus are relocated
in cells treated with hydrogen peroxide. Furthermore, ex-
posure to severe oxidative stress decreases the availability of
RanGTP and induces the degradation of Ran, importin-b and
Nup153, components required for classical and several
nonclassical nuclear trafficking pathways.
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Results and Discussion

Oxidative stress inhibits classical nuclear import
in growing HeLa cells

To determine how oxidative stress affects classical nuclear
import in growing mammalian cells, we transiently transfected
HeLa cells with plasmids encoding either NLS-GFP, a
fluorescent reporter protein, which carries SV40-NLS fused
to GFP, or the GFP-tag only.10 The small size of NLS-GFP
allows diffusion across the NPC, a process independent of
active transport. In addition, the simple SV40-NLS is
recognized by the classical transport apparatus, which
imports NLS-GFP into the nucleus. The net distribution of
the reporter protein is a combination of diffusion and transport,
and nuclear accumulation requires classical import to be
active. Concentrated in nuclei under normal conditions

(Figure 1A, panel b), NLS-GFP also appears in the cytoplasm
upon exposure to hydrogen peroxide (Figure 1A, d). By
contrast, the localization of GFP, which can be found in the
nucleus and cytoplasm, was not altered by this treatment
(Figure 1A, f, h), supporting the idea that oxidative stress does
not prevent diffusion across NPCs. Therefore, a redistribution
of NLS-GFP in response to oxidative stress can be attributed
to changes in classical import.
In initial experiments, we have tested the effect of different

concentrations of hydrogen peroxide on NLS-GFP localiza-
tion, and a 1 h treatment with 10mM hydrogen peroxide was
found to be optimal to mislocalize a portion of NLS-GFP to the
cytoplasm. At lower concentrations, NLS-GFP remained
accumulated in the nuclei. By contrast, upon addition of
20mM of the oxidant, NLS-GFP completely equilibrated
within the cells, and similar fluorescent signals were obtained
for the nucleus and cytoplasm (not shown). On the basis of

Figure 1 Oxidative stress inhibits classical nuclear import in growing HeLa cells; MAPK inhibitors do not abolish this import inhibition. Treatment with 10 mM hydrogen
peroxide was carried out in growth medium for 1 h at 371C. Control samples were incubated under identical conditions with the omission of oxidant. (A) Transiently
transfected HeLa cells synthesizing NLS-GFP (a–d) or GFP (e–h) were incubated under nonstress conditions (control) or exposed to hydrogen peroxide. Cells were fixed
and reporter proteins were localized by fluorescence microscopy. Nuclei were visualized with DAPI. (B) HeLa cells synthesizing NLS-GFP were incubated with hydrogen
peroxide in the absence (a, b) or presence of PD98059 (c, d) or genistein (e, f). NLS-GFP and nuclei were detected as in part (A). (C) HeLa cells were exposed to
hydrogen peroxide after preincubation with the solvent DMSO, PD98059 or genistein as indicated. DMSO or inhibitors were also present during exposure to oxidative
stress. Equal amounts of protein were separated by SDS-PAGE, and ERK1/2 activation was detected by Western blotting with antibodies specific for dually
phosphorylated ERK1/2. (D) Quantitation of the effect of hydrogen peroxide on NLS-GFP and GFP localization. Transiently transfected HeLa cells were monitored for the
distribution of reporter proteins in nuclei (N44C) or nuclei and cytoplasm (NþC). The inhibitors PD98059 (PD) or genistein (Gen) were present as indicated. Each bar
represents the mean of results for three independent experiments and the standard deviation. At least 200 transfected cells were evaluated for each experiment
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these results, we have chosen 10mM hydrogen peroxide for
our further experiments, as this treatment resulted only in
partial mislocalization of the reporter protein to the cytoplasm.
HeLa cells exposed to 10mM hydrogen peroxide frequently
changed their shape. This is caused by a reorganization of the
F-actin cytoskeleton, which became obvious upon staining
with FITC-phalloidin (data not shown). Ultimately, the
treatment with hydrogen peroxide is toxic, as many of the
cells detached from the surface. Furthermore, when stressed
cells were incubated in fresh medium for 24 h, more than 70%
of the cells exposed to hydrogen peroxide underwent
apoptosis, as evident by TUNEL staining. By contrast,
unstressed cells did not score positive in the TUNEL assay
(data not shown).
As described above, upon hydrogen peroxide exposure

NLS-GFPwas detected in the cytoplasm (Figure 1A, d; 1B, b),
whereas it was restricted to nuclei in unstressed cells (Figure
1A, b). To quantify the effect of hydrogen peroxide on the
distribution of reporter proteins, their localization was as-
signed to the nuclei (Figure 1D, N44C) or the nuclei and
cytoplasm (NþC). Under the conditions used in our studies,
NLS-GFP was restricted to the nuclei in more than 90% of the
control cells. However, after treatment with hydrogen per-
oxide, in most of the cells NLS-GFP was also detected in the
cytoplasm (Figure 1D).
It should be noted, however, that stressed cells did not

necessarily equilibrate the reporter protein. Fluorescent
signals for nuclei were brighter than for the cytoplasm,
demonstrating that the transport substrate relocated only
partially (Figure 1A, d; 1B, b, d, f).
Taken together, the data in Figure 1 show that transport of

the classical nuclear import substrate NLS-GFP in growing
HeLa cells is rapidly inhibited by severe oxidative stress
induced by hydrogen peroxide.

Nuclear import inhibition by hydrogen peroxide
cannot be abolished by MAPK inhibitors

Hydrogen peroxide has been reported to activate the MAPK
ERK2, and changes in ERK2 activity can alter in vitro nuclear
import in semi-permeabilized smooth muscle cells.9 We
therefore tested whether PD98059, a compound that
abolishes the activation of ERK1/2 by inhibiting the upstream
kinase MEK, and genistein, a more general inhibitor of
MAPKs, interfere with classical import inhibition. To this end,
HeLa cells were pretreated with either drug under conditions
known to block the activation of ERK1/2.10 As shown in
Figure 1C and published previously,10 the inhibitor concentra-
tions used in our experiments prevented stress-induced
phosphorylation and thereby activation of ERK1/2 in HeLa
cells. However, neither PD98059 nor genistein were able to
abolish the inhibitory effect of hydrogen peroxide on classical
nuclear protein import (Figure 1B, d, f). Moreover, quantitative
analysis of the NLS-GFP distribution in stressed cells showed
that the effect of hydrogen peroxide was not changed by the
treatment with MAPK inhibitors (Figure 1D). Likewise,
PD98059 or genistein did not alter classical nuclear protein
import in unstressed cells or the distribution of GFP under
control and stress conditions (Figure 1D).

Oxidants redistribute nuclear transport factors

The soluble factors Ran and importin-b as well as the
nucleoporin Nup153 are essential components of the classical
nuclear import apparatus (reviewed in Stochaj and Rother,11

Görlich and Kutay12 and Künzler and Hurt15). Importantly,
hydrogen peroxide treatment of HeLa cells interferes with the
formation of the Ran concentration gradient (Figure 2A, d;
2B). This collapse of the Ran concentration gradient was not
prevented by PD98059 or genistein (Figures 2B, 4). In
unstressed cells importin-b is associated with nuclei, where
it accumulates at the nuclear envelope (NE) (Figure 2A, f). In
addition, a portion of importin-b can also be detected in the
cytoplasm of control cells. However, after exposure to
hydrogen peroxide, importin-b becomes confined to the
nucleus and no longer accumulates at the nuclear periphery
(Figure 2A, h). As observed for Ran, incubation of stressed
cells with PD98059 or genistein does not prevent the
redistribution of importin-b (Figure 2B). Like Ran and
importin-b, Nup153 relocates within cells treated with hydro-
gen peroxide. Concentrated at the nuclear periphery in
unstressed cells, Nup153 redistributes throughout the nu-
cleus after exposure to hydrogen peroxide (Figure 2A, j, l).
Since the antibody used for the detection of Nup153 also
recognizes several proteolytic products of the nucleoporin, it
is possible that intact Nup153, its degradation products or
both were redistributed upon oxidant treatment. Relocation of
proteins in hydrogen peroxide stressed cells is not a general
effect; for instance, lamin B or hsc70 localization was not
altered after incubation with this oxidant (Figure 3C and data
not shown).
The relocation of nuclear transport factors cannot be

ascribed to a simple permeabilization of the NE. We have
tested the intactness of the NE by two independent assays.
First, cells were transiently transfected with DNA encoding the
cytoplasmic reporter protein GFP-b-galactosidase. When
cells were treated with oxidant, GFP-b-galactosidase did not
enter the nucleus at concentrations of 10mM or lower (Figure
3A, b, d), demonstrating that the NE is still a barrier for
macromolecules. Second, hydrogen peroxide-treated cells
were semi-permeabilized with digitonin and incubated with
antibodies against lamin B. If the NE is not intact, antibodies
will have access to the nuclear lamina. However, this was not
observed (Figure 3C, b, f). By contrast, permeabilization with
the detergent Triton X-100 allowed antibodies to bind to lamin
B (Figure 3C, d, h). Taken together, these results show that
the redistribution of nuclear transport factors takes place
when the NE and the NPCs do not permit free diffusion of
macromolecules.
Hydrogen peroxide could inhibit classical protein import for

several reasons. For instance, RanGTP is required in
the nucleus to support classical and several nonclassical
nuclear trafficking pathways, and dissipation of the Ran
concentration gradient may affect these transport routes. In
addition, oxidants could change the ratio of RanGTP/
RanGDP, thereby interfering with nuclear transport. Like
Ran, importin-b, a subunit of the classical NLS-receptor, and
Nup153, the termination site for classical nuclear import,
redistribute in cells treated with hydrogen peroxide. As such,
the carrier importin-b was confined to the nucleus and its NE
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accumulation was reduced. Importin-b has been shown to
remain close to the NPC upon completion of nuclear import.16

It is believed that the carrier will be exported subsequently to
the cytoplasm to participate in a new cycle of nuclear import.
Hydrogen peroxide treatment could abolish or reduce
importin-b exit from the nucleus for different reasons. First,
as the Ran concentration gradient collapses, GTPase levels
in the nucleus are decreased and may be insufficient to
support importin-b export. Second, the association of im-
portin-b with the NE is diminished, presumably because its
association with NPCs has been altered. It is clear from our
experiments that the NPC organization is modified in cells
treated with hydrogen peroxide. In particular, Nup153, located
at the nuclear basket in unstressed cells, redistributes in part
to the nuclear interior. Furthermore, Nup153 is degraded in
stressed cells (see below). Both the relocation and the
proteolysis of Nup153 can be expected to affect the functional

organization of the nuclear basket and thereby nuclear import
and export reactions.

The localization of Ran is more sensitive to
oxidative stress than classical nuclear import

Classical nuclear protein import was not efficiently inhibited by
hydrogen peroxide concentrations lower than 10mM (Figures
2, 4). Moreover, NLS-GFP only partially redistributed to the
cytoplasm (see above), whereas the Ran concentration
gradient was completely abolished under these conditions
(Figures 2, 4). This suggests that the Ran concentration
gradient is particularly sensitive to oxidative stress. When
growing cells were exposed to lower levels of hydrogen
peroxide, we detected elevated amounts of Ran in the
cytoplasm at concentrations as low as 0.5mM (Figure 4a).

Figure 2 Effect of oxidative stress on the localization of Ran, importin-b, and Nup153. (A) Control HeLa cells or cells stressed with hydrogen peroxide as in Figure 1
were used to locate Ran (a–d), importin-b (e–h) and Nup153 (i–l) by immunofluorescent staining. Nuclei were stained with DAPI. (B) The distribution of Ran, importin-b
and Nup153 was quantified for three independent experiments. For each result, the localization of transport factors was determined in at least 200 cells. The mean
values and standard deviations are shown for each group. Changes in Ran nuclear accumulation (N44C), importin-b location at the nuclear envelope and in the
cytoplasm (NEþCyt) and the continuous staining of the NE with anti-Nup153 antibodies were monitored
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This redistribution could not be prevented by genistein, and
the differences between controls and genistein-treated cells
were not statistically significant. Surprisingly, elevated cyto-
plasmic levels of NLS-GFP were only detected for few cells at
0.5mM hydrogen peroxide (Figure 4c). This suggests that
even though the Ran concentration gradient had collapsed,
classical nuclear transport was not drastically affected.

Hydrogen peroxide depletes cellular RanGTP
pools

Like other stresses, hydrogen peroxide treatment may reduce
the intracellular concentration of ATP, which could subse-

Figure 3 The NE remains intact in HeLa cells treated with hydrogen peroxide.
(A) HeLa cells transiently synthesizing GFP-b-galactosidase were treated with
different concentrations of hydrogen peroxide for 1 h at 371C. After stress
exposure, cells were immediately fixed, stained with DAPI and inspected by
fluorescence microscopy. (B) At least 100 transfected cells were monitored for
each concentration of the oxidant. The figure shows the results (means and S.D.)
of three independent experiments. (C) Non-transfected HeLa cells were treated
with hydrogen peroxide, fixed and permeabilized with digitonin or Triton X-100 as
indicated. Cells were incubated with antibodies against lamin B, and primary
antibodies were visualized with FITC-conjugated secondary antibodies (Materials
and Methods)

Figure 4 Sensitivity of the Ran concentration gradient and classical nuclear
import to hydrogen peroxide. (a) Nontransfected HeLa cells were incubated for
1 h at 371C with different concentrations of hydrogen peroxide. Cells were fixed
and Ran was localized by indirect immunofluorescence. (b) The same
experiment as in part (a) was carried out in the presence of genistein. (c)
HeLa cells synthesizing NLS-GFP were treated with hydrogen peroxide and the
reporter protein was located by fluorescence microscopy. The experiments were
carried out three times; the distribution of Ran or NLS-GFP was determined for at
least 100 cells in each experiment. Parts (a)–(c) of the figure show the means
and the standard deviations for different concentrations of hydrogen peroxide
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quently alter the GTP/GDP ratio. Changes in GTP/GDP may
then decrease the levels of RanGTP and favor the formation
of RanGDP, a process that will interfere with Ran-dependent
trafficking across the NPC. To test this hypothesis, we
isolated RanGTP from control and stressed cells with a GST
fusion protein that contains the Ran-binding domain (RBD) of
RanBP1, referred to as GST-RBD.17 Crude cell extracts
containing the same amount of protein were used as starting
material for the purification of RanGTP as recently de-
scribed,18 and the isolation of RanGTP was monitored by
Western blotting with Ran-specific antibodies. Since hydro-
gen peroxide treatment induces the degradation of Ran
(Figures 7–9 below), we compared the amount of Ran that
could be affinity-purified with GST-RBD (Figure 5, RanGTP)
to the GTPase that failed to associate with GST-RBD
(Figure 5, Sup). As shown in Figure 5, upon exposure to
hydrogen peroxide, the relative levels of RanGTP that could
be isolated from stressed cells were drastically reduced. A
decrease of the ratio RanGTP/RanGDP was already obvious
after 1 h exposure to 0.5mM hydrogen peroxide and became
evenmore pronounced at higher concentrations of the oxidant
(Figure 5 and data not shown).
As a consequence of RanGTP depletion induced by

oxidative stress, a variety of cellular processes that depend
on RanGTP, such as nuclear import and export, will be
affected. Furthermore, since RanGDP is unlikely to be
retained in the nucleus, changes in the nucleocytoplasmic
Ran concentration gradient can also be expected. Ultimately,
this will increase cytoplasmic concentrations of the GTPase.
Surprisingly, although RanGTP levels were reduced by
hydrogen peroxide treatment, classical nuclear transport
was not completely abolished under these conditions. One
possible explanation for this result could be that even under
stress conditions sufficient RanGTP persists in the nucleus to
promote NLS-GFP import.

Oxidative stress reduces the import of Ran into the
nuclei

In addition to changes in the RanGTP availability, failure to
import Ran into the nuclei could also contribute to the
relocation of the GTPase to the cytoplasm of hydrogen
peroxide-treated cells. NTF2 is the carrier that translocates

RanGDP across the NE, and in vitro systems have been
developed to study this process.19,20 To address the effect of
oxidative stress on Ran nuclear import, we have tested the
accumulation of tetramethylrhodamine-labeled RanGDP
(TMR-Ran) in semi-intact cells. Under non-stress conditions,
TMR-Ran accumulated rapidly in the nucleus and nucleolus if
cells were provided with reticulocyte lysate, but treatment with
oxidant reduced the capacity of semi-permeabilized cells to
concentrate TMR-Ran in the nuclei (data not shown). These
results suggested that components of semi-intact cells are
sensitive to stress, and we further tested whether hydrogen
peroxide also affects cytosolic factors that are required for
Ran nuclear import. To this end, we prepared cytosol from
control and oxidant-treated HeLa cells, which was combined
with untreated or stressed semi-intact cells (Figure 6A).
Control cells efficiently imported TMR-Ranwhen supplied with
unstressed cytosol, whereas stressed semi-intact cells dis-
played increased levels of TMR-Ran in the cytosol. Further-
more, treatment of semi-intact cells with hydrogen peroxide
abolished the concentration of TMR-Ran in nucleoli (Figure
6A, d). By contrast, addition of stressed cytosol to untreated
semi-intact cells had no drastic effect on the distribution of
Ran (Figure 6A, f). If stressed cytosol was combined with
stressed semi-intact cells, results were similar to what we
observed for the combination of stressed semi-intact cells and
untreated cytosol (Figure 6A, compare d and h).
In summary, in vitro experiments indicate that Ran nuclear

accumulation is reduced, but not abolished, in HeLa cells that
have been exposed to severe oxidative stress. This deficiency
can be attributed to stress-induced changes of semi-intact
cells. As Ran import into nuclei was not prevented by oxidant
treatment of cytosol, the source of NTF2 in vitro,19 it is unlikely
that the function of NTF2 as a nuclear carrier of the GTPase is
abolished by hydrogen peroxide.

NTF2 associates with NEs in hydrogen peroxide-
treated cells

Since Ran import was less efficient upon exposure to
hydrogen peroxide and NTF2 is the nuclear transporter of
Ran, it was important to determine whether NTF2 association
with the NE is sensitive to oxidants. Although hydrogen
peroxide treatment of cytosol did not prevent Ran nuclear
import (Figure 6A), it was possible that stress-induced
changes at the NPC prevent the carrier from binding to the
NE. Therefore, the association of TMR-labeled GST-NTF2
with nuclei was measured under control and stress conditions
using established procedures.21 After treatment with 0.5, 5 or
10mM hydrogen peroxide for 1 h, cells were semi-permeabi-
lized and binding of TMR-GST-NTF2 to NEs was tested
(Figure 6B and data not shown). TMR-GST-NTF2 accumula-
tion at the nuclear periphery was detected both in the
presence and absence of purified wild-type Ran as previously
reported.21 In control experiments, TMR-GST did not associ-
ate with semi-intact cells under any of the conditions tested
(Figure 6B, j, l and data not shown). These experiments
revealed that NTF2 associates with the nuclear membrane
in control and stressed cells, suggesting that oxidants did
not prevent the interaction between NTF2 and the NPC.

Figure 5 Hydrogen peroxide treatment reduces RanGTP levels. RanGTP was
isolated with GST-RBD from controls and cells treated for 1 h at 371C with
different concentrations of hydrogen peroxide. Equal amounts of protein were
used as starting material for control and stressed cells. Protein affinity purified
with GST-RBD/glutathione-sepharose (RanGTP) and unbound material (Sup)
were separated side-by-side, followed by Western blotting with Ran-specific
antibodies. For control and stress conditions, the unbound material represents
3% of the affinity-purified protein
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Nevertheless, Ran is at least in part mislocalized to the
cytoplasm under these stress conditions and nuclear import of
the GTPase is less efficient when compared to unstressed
cells (Figures 2, 6A). There are several possible interpreta-
tions of these data: (a) the interaction between Ran and NTF2
is reduced in stressed cells. (b) Oxidants may chemically
modify the complex RanGDP/NTF2, preventing it from dock-
ing at the NPC. (c) The translocation of RanGDP/NTF2 across
the NPC is altered by oxidants. At present, we cannot rule out
that hydrogen peroxide interferes with the RanGDP/NTF2
association or docking of the stressed RanGDP/NTF2
complex at the nuclear periphery. However, the observation
that purified wild-type Ran combined with unstressed cytosol
fails to be efficiently imported into the nuclei of stressed semi-
intact cells (Figure 6A) indicates that translocation of the
GTPase across the NPC is impeded by hydrogen peroxide.

Oxidative stress reduces docking of importin-b at
the NE

We further tested whether binding of the import complex
importin-a/b/cargo to the nuclear periphery was altered by
hydrogen peroxide. To this end, semi-intact cells were
incubated with GST-HA-tagged importin-b and the carrier
was locatedwith antibodies against the HA tag (Figure 6C). As
expected, in semi-intact unstressed cells, importin-b accu-

Figure 6 Effect of severe oxidative stress on Ran nuclear import, NTF2 binding to NEs and importin-b nuclear trafficking. For oxidant exposure, cells were incubated
with 10 mM hydrogen peroxide for 1 h at 371C. (A) Nuclear import of TMR-RanGDP was analyzed in vitro with HeLa cytosol and semi-intact cells. Cytosol and semi-
permeabilized cells were prepared from controls or oxidant treated samples as indicated in the figure. (B) Binding of TMR-GST-NTF2 (a–h) or TMR-GST (i–l) was tested
with semi-intact cells that were unstressed or pretreated with hydrogen peroxide. Unlabeled wild-type Ran was present for the experiments shown in panels (a–d) and
(i–l). (C) Binding of the classical nuclear import complex importin-a/b/cargo was monitored in unstressed and oxidant treated semi-intact cells. GST-HA-importin-b was
localized with antibodies against the HA tag

Figure 7 Degradation of Ran, importin-b, p62 or hsc70s in response to
hydrogen peroxide treatment. (a) Equal amounts of protein from unstressed or
stressed cells (1 h, 10 mM hydrogen peroxide, 371C) were probed by Western
blotting with antibodies against Ran, importin-b, p62 and hsc70s. Cells were
incubated with the solvent DMSO, PD98059 (PD) or genistein (Gen) as indicated.
(b) The same experiment was carried out with 100 mg/ml cycloheximide, which
was present during stress exposure
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mulated at the NE.22 This docking reaction was diminished by
oxidative stress, and elevated levels of importin-b remained in
the cytoplasm (Figure 6C, d). Nevertheless, even upon
hydrogen peroxide exposure, importin-b was able to concen-
trate at the nuclear periphery, albeit with reduced efficiency.
In summary, severe oxidative stress decreased, but did not

prevent, docking of the complex importin-a/b/cargo at the NE.
Since importin-b, importin-a or the cargo used in these
experiments had not been exposed to stress, we conclude
that components of the semi-intact cells are sensitive to
hydrogen peroxide, and nucleoporins are possible candidates
to be affected by stress.

Hydrogen peroxide treatment induces the rapid
degradation of Ran, importin-b and Nup153, but
not of the nucleoporin p62

Exposure to stress may change the turnover of proteins, and
we have analyzed the levels of Ran, importin-b and Nup153 in
cells exposed to oxidant. Treatment with hydrogen peroxide
reduced the concentration of Ran, importin-b and Nup153
(Figures 7–9). With the antibodies used in our experiments,
we did not detect proteolytic products for Ran or importin-b by
Western blotting, whereas monoclonal antibody SA1 recog-
nized several degradation products. However, none of these
Nup153-derived fragments accumulated upon severe oxida-
tive stress (not shown).
The decrease in Ran, importin-b and Nup153 concentration

was not abolished by PD98059 or genistein, and was
consistently observed in the presence of MAPK inhibitors
(Figure 7). In contrast, levels of hsc70, another soluble factor
required for classical nuclear import, the nucleoporin p62 and
lamin B were not altered drastically after exposure to
hydrogen peroxide under identical conditions (Figure 7 and
data not shown). To determine whether hydrogen peroxide
diminished the concentration of transport factors by inhibition
of their de novo synthesis, HeLa cells were incubated with
cycloheximide during stress exposure. However, addition of
cycloheximide gave similar results, indicating that hydrogen
peroxide triggered the degradation of nuclear transport factors
(Figure 7b).
Taken together, our data suggest that several nuclear

transport factors are particularly prone to degradation when
cells are exposed to hydrogen peroxide. Moreover, inhibition
of ERK1/2 activation did not abolish their degradation.

Figure 8 Role of the proteasome in stress-mediated degradation of Ran,
importin-b and Nup153. For stress exposure, cells were treated with 10 mM
hydrogen peroxide for 1 h at 371C. Equal amounts of protein were separated
side-by-side for each sample and analyzed by Western blotting with antibodies
against Ran, importin-b and Nup153. (a) Cells were incubated with the solvent
DMSO or the inhibitor MG132 as shown in the figure. (b) HeLa cells were
stressed with hydrogen peroxide in the presence of cycloheximide and MG132.
(c) HeLa cells preincubated with DMSO or lactacystin were exposed to hydrogen
peroxide in the presence of cycloheximide (100mg/ml)

Figure 9 Caspase but not calpain inhibition reduces the degradation of Ran
and importin-b upon hydrogen peroxide stress. (a) HeLa cells were pretreated
with Ac-DEVD-CHO (DEVD) or (b) calpain inhibitor I (Calp. Inh.) for 2 h prior to
the addition of 10 mM hydrogen peroxide and cycloheximide. Cells were exposed
to stress for 1 h at 371C and cell extracts were subsequently analyzed by
Western blotting for the presence of nuclear transport factors, as described for
Figure 8c
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In cells treated with hydrogen peroxide, Ran and
importin-b degradation is reduced by proteasome
inhibitors

Both the 26S and 20S proteasome complexes contribute to
the degradation of proteins. In particular, the nuclear 20S

proteasome complex may play a role in the proteolysis of
nuclear transport factors in stressed cells, as nuclear
proteasome activity can be increased by oxidants.23 Con-
sistent with this hypothesis, MG132, a potent inhibitor of the
mammalian proteasome, reduced Ran and importin-b pro-
teolysis in stressed cells, but did not alter Ran or importin-b
levels in control cells (Figure 8a, b). By contrast, under the
same conditions, MG132 did not protect Nup153 against
degradation, suggesting a mechanism independent of the
20S proteasome.
As MG132 may affect proteases other than the protea-

some, we have further tested the effect of lactacystin, a
distinct proteasome inhibitor, for which we obtained results
similar to those described for MG132 (Figure 8c). Degradation
of proteins via the proteasomemay occur in an ATP/ubiquitin-
dependent or -independent fashion. In general, ubiquitination
seems to be repressed in cells stressed with oxidants, making
ATP/ubiquitin-dependent protein degradation via the 26S
proteasome unlikely.24 Indeed, our data demonstrate that
Ran or importin-b ubiquitination is not increased in oxidant-
treated cells (see below), in line with ATP/ubiquitin-indepen-
dent proteolysis. This is consistent with the observation that
the 20S but not the 26S proteasome activity is upregulated in
cells treated with hydrogen peroxide.7 As stress-induced
degradation of Ran and importin-b can be decreased by
MG132 and lactacystin, we conclude that their proteolysis in
cells treated with oxidants is partially mediated by the 20S
proteasome complex.

Inhibition of caspases diminishes hydrogen
peroxide-induced proteolysis of Ran and
importin-b

Since HeLa cells underwent apoptosis 24 h after treatment
with hydrogen peroxide, we tested whether caspases
contribute to the degradation of nuclear transport factors.
Proteins of the NPC and the NE have been shown previously
to be targets of caspases in apoptotic cells.25–28 The
membrane-permeable compound Ac-DEVD-CHO efficiently
inhibits caspase 3. In addition, caspases 6, 7, 8 and 10 can
also be affected. The inhibitor reduced the degradation of Ran
and importin-b, and the protection against proteolysis was
more pronounced than for lactacystin (Figure 9a). For
Nup153, the effect of Ac-DEVD-CHO was variable, but
always less apparent than for Ran or importin-b.
In addition to the proteasome and caspases, proteases of

the calpain family could be involved in the degradation of the
transport factors analyzed by us. However, calpain inhibitor I
did not alter the proteolysis of Ran, importin-b or Nup153
(Figure 9b). Thus, caspases, but not calpain, are important for
the stress-induced proteolysis of Ran and importin-b.

Ran, importin-b and Nup153 are not modified by
ubiquitin or SUMO-1 in hydrogen peroxide-treated
cells

Ran is essential for classical and nonclassical nuclear
transport pathways, the organization of mitotic spindles and
reformation of the NE at the end of mitosis.15,29–33.So far, the

Figure 10 Caspase inhibitors do not abolish the inhibition of classical nuclear
import or Ran relocalization, but partially restore the distribution of importin-b.
HeLa cells were treated for 1 h at 371C with different concentrations of hydrogen
peroxide. DEVD or MG132 were present for 1 h prior to stress exposure and
during the entire stress period. Control cells were incubated with the solvent
DMSO only; all of the samples contained the same amount of solvent. Cells were
fixed immediately upon oxidant treatment. At least 100 cells were monitored in
each of three independent experiments for all of the different experimental
conditions shown in the figure. (a) Classical nuclear import was monitored in
transiently transfected cells synthesizing NLS-GFP, as described for Figure 1. (b)
Ran was localized by indirect immunofluorescence as in Figure 4. (c) Importin-b
was located in controls and cells exposed to 10 mM hydrogen peroxide.
Incubation with DEVD or DEVD/MG132 significantly increased the number of
cells that accumulated importin-b at the NE and also showed cytoplasmic
localization of the carrier (Po0.05)
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degradation of transport factors under different physiological
conditions has not been studied. Exposure to different types of
stress can lead to covalent modification of proteins with
ubiquitin or SUMO.34 To determine whether Ran, importin-b
and Nup153 are conjugated to ubiquitin or SUMO-1 upon
exposure to hydrogen peroxide, we have immunoprecipitated
equal amounts of protein from unstressed and stressed cells
under denaturing conditions. Immunopurified proteins were
then analyzed byWestern blotting with antibodies recognizing
ubiquitin or SUMO-1. Nuclear transport factors were effi-
ciently purified under these conditions; however, we did not
detect them to be ubiquitinated when probed with two different
antibodies against ubiquitin. Similarly, two distinct antibodies
against SUMO-1 did not reveal a sumoylation of the
immunoprecipitated proteins (data not shown). Thus, expo-
sure to hydrogen peroxide does not result in polyubiquitination
or modification by SUMO-1 of Ran, importin-b or Nup153.
These results are consistent with previous publications for
Nup153. Although Nup153 has been shown recently to bind
SENP2, a protease that cleaves SUMO-1 modifications,
sumoylation of this nucleoporin has not been reported.35,36

Furthermore, the consensus site for SUMO-1 modifications,
cKxE (with c¼ L, I, V, F; Hay34) is not present in human Ran,
importin-b or Nup153. In conclusion, severe oxidative stress
did not trigger a modification of Ran, importin-b or Nup153 by
ubiquitin or SUMO-1.

Effect of protease inhibitors on the oxidant-
induced inhibition of classical nuclear import and
the relocation of Ran and importin-b

As caspase and proteasome inhibitors reduced the degrada-
tion of Ran and importin-b in oxidant-treated cells, we tested
whether these compounds also affected nuclear import of
NLS-GFP or the redistribution of soluble transport factors in
stressed cells. To this end, cells were preincubated with the
solvent DMSO, the inhibitors DEVD, MG132 or a combination
of DEVD andMG132 (Figure 10); these compounds were also
present during the exposure to hydrogen peroxide. Treatment
with DEVD or the combination DEVD/MG132 slightly in-

creased the number of stressed cells that efficiently accumu-
lated NLS-GFP in nuclei (Figure 10a, N44C), but these
changes were not statistically significant.
In addition to classical nuclear import, the distribution of

Ran and importin-b was monitored in control and drug-treated
cells (Figure 10b, c). Caspase and proteasome inhibitors did
not prevent the relocalization of Ran in stressed cells, and
similar results were obtained for different concentrations of
hydrogen peroxide (Figure 10b). Unlike Ran, the redistribution
of importin-b in stressed cells was partially reversed by DEVD.
When DEVD or DEVD/MG132 was present, an increased
number of cells concentrated importin-b at the NE and the
carrier was also detected in the cytoplasm. By contrast,
MG132 alone had no effect (Figure 10c). The changes seen
for DEVD or DEVD/MG132 were statistically significant
(Po0.05).
Taken together, these results suggest that inhibiting the

degradation of importin-b by caspases allows cells to retain
importin-b in the cytosol, whereas no drastic changes could be
observed for Ran or classical nuclear import. One possible
interpretation of these data could be that upon severe
oxidative stress cytoplasmic importin-b becomes rapidly
degraded by caspases. With respect to classical import,
however, the protection of importin-b against stress-induced
proteolysis is not sufficient to restore the nuclear accumula-
tion of NLS-GFP. This is consistent with the idea that importin-
b degradation is not the limiting factor required to re-establish
classical transport. Other processes, such as the depletion of
RanGTP, might prevent the restoration of the Ran concentra-
tion gradient and nuclear trafficking.

Multiple mechanisms contribute to the inhibition
of classical nuclear import in oxidant-treated cells

Cells have to cope with various types of insults to prevent or
repair stress-induced damage. The effect of stress on protein
kinase signaling cascades and the activation of gene
transcription has been studied in some detail. However, it
has yet to be defined how distinct forms of stress modulate
other functions of the nucleus and its organization. To begin to

Table 1 Effect of severe oxidative stress on classical nuclear import and nuclear transport factors

Factor or reaction analyzed Unstressed conditions Severe oxidative stress

Classical nuclear import of NLS-GFP Nuclear accumulation Reduced nuclear accumulation, a portion of NLS-GFP appears
in the cytoplasm

Ran localization and stability Concentrated in nuclei Ran concentration gradient collapses; Ran degraded by
caspases and proteasome

RanGTP RanGTP/RanGDP ratio decreased
Ran transport in vitro into nuclei Ran efficiently imported into

nuclei, accumulation in nucleoli
Ran import with reduced efficiency, no accumulation in nucleoli

NTF2 binding to nuclear envelopes in
vitro

Purified NTF2 accumulates at the
nuclear envelope

No drastic changes, similar to unstressed cells

Importin-b localization and stability NE, cytosol NE, reduced amounts in cytosol; importin-b degraded by
caspases and proteasome

Docking of import complex importin-
a/b/cargo in vitro

Importin-a/b/cargo concentrates at
the nuclear envelope

Importin-a/b/cargo concentrates at the nuclear envelope, but
increased levels of importin-b in the cytoplasm

Nup153 Concentrated at the nuclear
periphery

Partial relocation to nuclear interior; degradation

Nuclear accumulation of NLS-GFP, as well as the localization, stability and trafficking of classical nuclear transport factors, was monitored in unstressed controls and
cells treated with hydrogen peroxide. See text for details; NE, nuclear envelope
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address this question, we have analyzed in growing HeLa
cells and in vitro how classical nuclear import and several
components of the import apparatus are affected by severe
oxidative stress. We have now demonstrated that transport
factor relocalization and degradation as well as a depletion of
RanGTP are consequences of the exposure to hydrogen
peroxide (summarized in Table 1). Each of these changes can
be expected to contribute to the inhibition of classical nuclear
import. For instance, environmental stress is known to deplete
intracellular ATP levels (reviewed in Hardie et al.37), and we
have proposed previously that ATP depletion decreases the
concentration of RanGTP, thus favoring the formation of
RanGDP.8 This has recently been confirmed in HeLa cells, for
which the reduction of ATP resulted in lower levels of
RanGTP.18 The increased consumption of ATP necessary
to repair oxidant-induced damage may transiently alter the
homeostasis of ATP production and consumption (reviewed in
Dzeja and Terzic38). Under these conditions, RanGTP levels
could become limiting for the support of nuclear trafficking.
Furthermore, the lack of nuclear retention of RanGDP will
promote a collapse of the nucleocytoplasmic Ran concentra-
tion gradient.
A prominent feature of Ran, importin-b and Nup153 is their

increased sensitivity to proteolysis in response to severe
oxidative stress. Hydrogen peroxide triggers the oxidation of
SH groups and other amino-acid side chains (reviewed in
Dean et al.39), which could target proteins for degradation via
the proteasome. It was proposed that protein oxidation
increases surface hydrophobicity, thereby enabling the 20S
proteasome to recognize oxidized proteins even in the
absence of ubiquitination,24 a process that might take place
for Ran and importin-b. By contrast, Nup153 degradation was
independent of the proteasome, and inhibition of caspases
had variable effects. Other studies have shown Nup153 to be
a substrate for caspases in apoptotic cells.25,27 However,
Nup153 does not always undergo degradation during
apoptosis26 and differences are likely to exist for various cell
types. These differences may also explain why importin-b and
Ran are not degraded upon induction of apoptosis with
cisplatin.26

Our experiments clearly show that ERK1/2 are not the
limiting factors, that alter classical nuclear import in response
to severe oxidative stress. As oxidants also activate signaling
pathways other than the ERK1/2 cascade, classical nuclear
transport inhibition is likely to be more complex in growing
mammalian cells than previously reported for in vitro studies.9

As well, cell type-specific differencesmay explain that in semi-
permeabilized smooth muscle cells ERK2 is the critical
component that controls classical import after exposure to
hydrogen peroxide, whereas transport inhibition in HeLa cells
involves multiple mechanisms.
In vitro experiments shown in this study suggest that NPCs

are likely to be targets for damage induced by hydrogen
peroxide. As such, Ran import into nuclei was reduced
if semi-intact cells have been stressed. Furthermore, docking
of the classical nuclear import complex at the NE was
diminished. The simplest explanation of these results is a
change in NPC function, and future studies will have to identify
which nucleoporins, in addition to Nup153, are affected by
oxidants.

Besides NPCs, several soluble factors required for classical
nuclear import are shared with nonclassical trafficking path-
ways. As such, Ran and its interacting components are
essential for transport that is mediated by members of the
importin-b family. Changes in Ran localization, concentration
and the RanGTP/RanGDP ratio after treatment with oxidants
will therefore have a more general effect on nucleocytoplas-
mic transport of macromolecules. Not only classical transport
but also nonclassical import as well as export from the nucleus
will be affected. Taken together, our results underscore that
severe oxidative stress can modulate nuclear functions on
several levels, including the inhibition of nuclear trafficking
reactions and the functional organization of NPCs.

Materials and Methods

Growth and stress exposure of HeLa cells

HeLa cells were grown in multiwell chambers as described.40 At
approximately 70% confluency, cells were subjected to 10 mM hydrogen
peroxide (or the oxidant concentration given in the figure legends) in
growth medium and incubated for 1 h at 371C. Incubation with the kinase
inhibitors PD98059 and genistein was carried out as in Chu et al.10 To test
the role of the proteasome, cells were preincubated for 30 min with 10 mM
MG132 or for 2 h with 50 mM lactacystin (Calbiochem, San Diego, CA,
USA) in growth medium. Cells were pretreated with 15 mM caspase
inhibitor (Ac-DEVD-CHO, Calbiochem) or 50 mM calpain inhibitor I
(MG101, Sigma, Oakville, ON, USA) 2 h before stress exposure. All
inhibitors were present throughout the stress treatment.

Transfection of HeLa cells

HeLa cells were transfected with plasmids encoding the nuclear reporter
protein NLS-GFP10 or plasmid pHM830 coding for GFP-b-galactosidase41

following standard procedures.10,40

Generation of GST-NTF2 and synthesis of fusion
proteins in E. coli

GST-NTF2 was generated by fusing GST in frame to codon 4 of human
NTF2. The correctness of the construct was verified by DNA sequencing.
A plasmid encoding GST-HA-importin-b22 was kindly provided by Dr. Y
Yoneda, Osaka. Expression of genes encoding GST- or His6-fusion
proteins was induced in bacteria with 0.5 mM IPTG for 2.5 h at 371C.

Fluorescent labeling of His6-Ran and GST-NTF2

His6-tagged wild-type Ran, GST-NTF2 and GST were synthesized in E.
coli and affinity purified under native conditions following standard
procedures. Purified proteins were dialyzed against 50 mM potassium
phosphate, pH 7.0, 2 mM magnesium acetate and concentrated with
centrifugal filters (Millipore, Bedford, MA, USA). GDP-loaded Ran was
labeled with tetramethylrhodamine-maleimide (TMR-maleimide; Molecular
Probes, Eugene, OR, USA) for 3 h on ice essentially as described.19 GST-
NTF2 or GST were labeled overnight on ice. Non-incorporated label was
removed by gel filtration using Sephadex G25 (Amersham Biosciences,
Piscataway, NJ, USA) equilibrated with Ran import buffer (see below),
which was supplemented with 200 mM GDP for the purification of labeled
Ran.
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Nuclear import of Ran

Nuclear import of fluorescent Ran was tested essentially as in Ribbeck
et al.19 In brief, HeLa cells were grown on poly-lysine-coated slides to 70%
confluency and semi-permeabilized with 40 mg/ml digitonin in Ran import
buffer. Cells were washed once in ice-cold import buffer and nuclear
accumulation of Ran in import buffer containing 0.5 mM ATP, 0.5 mM
GTP, 10 mM creatine phosphate, 2 mg/ml BSA and 4 mg/ml reticulocyte
lysate, or 3 mg/ml HeLa cytosol was allowed for 3 min at room
temperature. Cells were fixed immediately with 3.7% formaldehyde for
20 min at room temperature and nuclei were stained with 40,6-diamidino-2-
phenylindole (DAPI).

Binding of NTF2 to NEs

The association of fluorescent GST-NTF2 (TMR-GST-NTF2) or GST
(TMR-GST) with nuclear membranes was tested essentially as
described.21 Binding of GST-NTF2 to NEs of semi-intact cells was tested
with 0.45 mM TMR-GST-NTF2 (dimer) or TMR-GST combined with an
energy-regenerating mix.21 Wild-type RanGDP was present at 1.15 mM as
indicated in Figure 6B. Upon incubation for 10 min at room temperature,
cells were fixed for 20 min with 3.7% formaldehyde and nuclei were
visualized with DAPI.

Docking of the classical nuclear import complex at
nuclear membranes

Binding of purified GST-HA-importin-b was tested in semi-intact cells
essentially as described.22 Importin-a, GST-HA-importin-b and 50mg/ml
SV40-HSA were preincubated for 1 h on ice and centrifuged (5 min,
microfuge, 13 000 rpm) before addition to semi-intact cells. After
incubation for 20 min at room temperature, excess liquid was removed
and cells were immediately fixed with 3.7% formaldehyde in PBS (20 min,
room temperature). Importin-b was localized by indirect immunofluores-
cence with antibodies against the HA tag (see below).

Specificity of antibodies used for
immunofluorescence and Western blotting

The following primary antibodies were used: mouse mab414 and
monoclonal antibodies to the HA tag (BaBCo, Richmond, CA, USA),
goat anti-lamin B (sc-6217, Santa Cruz Biotechnology, CA, USA), goat
anti-Ran (sc-1155, sc-1156, Santa Cruz Biotechnology), monoclonal
antibody 3E9 against importin-b (Affinity Bioreagents, Golden, CO, USA),
monoclonal antibody SPA-815 against hsc70 (StressGen, Victoria, BC,
Canada), cell culture supernatant SA1 (Bodoor et al.;42 a generous gift of
Dr. B Burke), specific for Nup153, and rabbit polyclonal and monoclonal
antibodies to ubiquitin (sc-9133 and sc-8017, Santa Cruz Biotechnology),
polyclonal and monoclonal antibodies recognizing SUMO-1 (sc-6375, sc-
5308, Santa Cruz Biotechnology). Mab414 binds FXF repeat containing
nucleoporins, including Nup153 and p62. Antibodies against lamin B, Ran,
importin-b and hsc70 recognize a single band of the expected size on
Western blots. Monoclonal antibody SA1 binds to the 180 kDa nucleoporin
Nup153 and also to some of its degradation products. The different anti-
ubiquitin antibodies bind to several bands for crude extracts upon Western
blotting. Activated ERK1/2 was detected with monoclonal antibody E10
(Cell Signaling Tech., Beverly, MA, USA), which is specific for phospho-
p44/42 MAPK, phosphorylated in positions thr202 and tyr204. Primary
antibodies were diluted as suggested by the suppliers and supernatant
SA1 was used undiluted.

Immunofluorescence

All steps were carried out at room temperature. Stressed cells and controls
were fixed in 3.7% formaldehyde/PBS for 25 min. Cells were permeabi-
lized in 0.1% Triton X-100 (5 min), blocked for 1 h in PBS/2 mg/ml BSA
containing 0.05% Tween 20 and incubated overnight with primary
antibodies. Bound primary antibodies were detected with FITC-conjugated
anti-rabbit or anti-goat antibodies, or Cy3-conjugated antibodies to mouse
IgG (Jackson ImmunoResearch, West Grove, PA, USA). Secondary
antibodies were diluted between 1 : 200 and 1 : 250. DNA was visualized
with DAPI and samples were mounted in Vectashield (Vector
Laboratories, Burlingame, CA, USA). Cells were analyzed with a Nikon
Optiphot at � 400 magnification and photographed with Kodak T-MAX
400 films. The negatives were scanned and processed with Photoshop
5.5.

Digitonin treatment of HeLa cells for
immunofluorescence

Control and stressed HeLa cells were fixed and incubated with 40 mg/ml
digitonin in PBS for 3 min on ice. In Figure 3C, cells were incubated with
0.1 mg/ml anti-lamin B antibodies overnight at room temperature. After
three washes, samples were incubated with FITC-labeled secondary
antibodies, washed and treated with DAPI. All incubations were carried out
as described for immunofluorescent staining, except for the omission of
Tween 20 in all buffers.

Western Blot analysis

HeLa cells were grown on dishes to about 70% confluency. Upon stress
exposure, plates were washed with PBS and stored at �701C until use.
Proteins were solubilized in gel sample buffer and treated as described.43

Equal amounts of protein were separated for controls and different stress
conditions in SDS-PA gels and blotted to nitrocellulose filters. Blots were
further processed as previously described.10,43

Purification of RanGTP

RanGTP was isolated with GST-RBD essentially as in Schwoebel et al.18

Aliquots of affinity-purified RanGTP and material that did not bind to GST-
RBD were separated side-by-side on 12% SDS-PA gels and Ran was
detected by Western blotting.

Indirect immunoprecipitation

Protein G-sepharose (Amersham Biosciences) was preloaded with Ran-
specific antibodies overnight at 41C in RIPA-buffer (PBS/1% Triton X-100/
0.1% SDS/0.5% sodium deoxycholate/1 mM NaN3, pH 7.4). Control resin
was incubated with RIPA buffer only. For immunopurification of denatured
proteins, HeLa cell extracts were prepared in PBS containing 1 mM
sodium orthovanadate, 1 mM PMSF and a cocktail of protease inhibitors
(aprotinin, antipain, chymostatin, leupeptin and pepstatin, each at 0.1 mg/
ml). DNA was sheared by vortexing samples in the presence of glass
beads. Proteins precipitated with 5% TCA for 5 min on ice were collected
by centrifugation. Sediments were resuspended in RIPA buffer containing
inhibitors (see above) and preincubated with protein G-sepharose for
30 min at 41C. Supernatants obtained after 5 min centrifugation
(5000 rpm, microfuge, 41C) were mixed with control resin or resin loaded
with antibodies against Ran, importin-b, or Nup153. After overnight
incubation at 41C with gentle agitation, protein G-sepharose was collected
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by centrifugation and washed four times in cold PBS/1 mM NaN3. Proteins
bound to the resin were eluted by boiling in gel sample buffer (10 min at
951C), followed by Western blot analysis with antibodies against ubiquitin
or SUMO-1.

Acknowledgements

We are grateful to B Burke for providing us with monoclonal antibody SA1.
We thank T Stamminger and R Truant for plasmid pHM830, Y Yoneda and
MS Moore for bacterial expression vectors encoding GST-HA-importin-b
and GST-RBD, respectively. This work was supported by funds from
CIHR, NSERC and The Heart and Stroke Foundation of Quebec. US is a
chercheur boursier national of FRSQ, MK was supported by a Faculty of
Medicine Internal Fellowship from McGill University and AC by a
studentship from NSERC.

References

1. Finkel T and Holbrook NJ (2000) Oxidants, oxidative stress and the biology of
ageing. Nature 408: 239–247

2. Hood JK and Silver PA (1999) In or out? Regulating nuclear import. Curr. Opin.
Cell Biol. 11: 241–247

3. Allen RG and Tresini M. (2000) Oxidative stress and gene regulation. Free
Radic. Biol. Med. 28: 463–499

4. Robinson M and Cobb MH (1997) Mitogen-activated protein kinase pathways.
Curr. Opin. Cell Biol. 9: 180–186

5. Rhee SG (2000) Hydrogen peroxide: a key messenger that modulates protein
phosphorylation through cysteine oxidation. Sci. STKE 1–23

6. Wang X, Martindale JL, Liu Y and Holbrook N (1998) The cellular response to
oxidative stress: influences of mitogen-activated protein kinase signaling
pathways on cell survival. Biochem. J. 333: 291–300

7. Ullrich O, Ciftci O and Hass R (2000) Proteasome activation by polyADP-
ribose-polymerase in human myelomonocytic cells after oxidative stress. Free
Radic. Biol. Med. 29: 995–1004

8. Stochaj U, Rassadi R and Chiu J (2000) Stress-mediated inhibition of the
classical nuclear protein import pathway and nuclear accumulation of the small
GTPase Gsp1p. FASEB J., 10.1096/fj.99-99-0751fje

9. Czubryt MP, Austria JA and Pierce GN (2000) Hydrogen peroxide inhibition of
nuclear protein import is mediated by the mitogen-activated protein kinase
ERK2. J. Cell Biol. 148: 7–15

10. Chu A, Matusiewicz N and Stochaj U (2001) Heat-induced nuclear
accumulation of hsc70s is regulated by phosphorylation and inhibited in
confluent cells. FASEB J., 10.1096/fj.00-0680fje

11. Stochaj U and Rother KL (1999) Nucleocytoplasmic trafficking of proteins: with
or without Ran? BioEssays 21: 579–589

12. Görlich D and Kutay U (1999) Transport between the cell nucleus and the
cytoplasm. Ann. Rev. Cell Dev. Biol. 15: 607–660

13. Kuersten S, Ohno M and Mattaj IW (2001) Nucleocytoplasmic transport: Ran,
beta and beyond. Trends Cell Biol. 11: 497–503

14. Shah S, Tugendreich S and Forbes D (1998) Major binding sites for the nuclear
import receptor are the internal nucleoporin Nup153 and the adjacent nuclear
filament protein Tpr. J. Cell Biol. 141: 31–49

15. Künzler M and Hurt E (2001) Targeting of Ran: variation on a common theme?
J. Cell Sci. 114: 3233–3241

16. Görlich D, Vogel F, Mills AD, Hartmann E and Laskey RA (1995) Distinct
functions of the two importin subunits in nuclear protein import. Nature 377:
246–248

17. Beddow AL, Richards SA, Orem NR and Macara IG (1995) The Ran/TC4
GTPase-binding domain: identification by expression cloning and
characterization of a conserved sequence motif. Proc. Natl. Acad. Sci. USA
92: 3328–3332

18. Schwoebel ED, Ho TH and Moore MS (2002) The mechanism of inhibition of
Ran-dependent nuclear transport by cellular ATP depletion. J. Cell Biol. 157:
963–974

19. Ribbeck K, Lipowsky G, Kent HM, Stewart M and Görlich D (1998) NTF2
mediates nuclear import of Ran. EMBO J. 17: 6587–6598

20. Smith A, Brownawell A and Macara IG (1998) Nuclear import of Ran is
mediated by the transport factor NTF2. Curr. Biol. 8: 1403–1406

21. Chaillan-Huntington C, Braslavsky CV, Kuhlmann J and Stewart M (2000)
Dissecting the interactions between NTF2, RanGDP, and the nucleoporin
XFXFG repeats. J. Biol. Chem. 275: 5874–5879

22. Kose S, Imamoto N, Tachibana T and Yoneda Y (1997) Ran-unassisted
nuclear migration of a 97-kD component of nuclear pore-targeting complex. J.
Cell Biol. 139: 841–849

23. Obin M, Shang F, Gong X, Handelman G, Blumberg J and Taylor A (1998)
Redox regulation of ubiquitin-conjugating enzymes: mechanistic insights using
the thiol-specific oxidant diamide. FASEB J. 12: 561–569

24. Davies KJA (2001) Degradation of oxidized proteins by the 20S proteasome.
Biochimie 83: 301–310

25. Buendia B, Santa-Maria A and Courvalin JC (1999) Caspase-dependent
proteolysis of integral and peripheral proteins of nuclear membranes and
nuclear pore complex during apoptosis. J. Cell Sci. 112: 1743–1753

26. Faleiro L and Lazebnik Y (2000) Caspases disrupt the nuclear–cytoplasmic
barrier. J. Cell Biol. 151: 951–959

27. Kihlmark M, Imreh G and Hallberg E (2001) Sequential degradation of proteins
from the nuclear envelope during apoptosis. J. Cell Sci. 114: 3643–3653

28. Ferrando-May E, Cordes V, Biller-Ckovric I, Mirkovic J, Gorlich D and Nicotera
P (2001) Caspases mediate nucleoporin cleavage, but not early redistribution
of nuclear transport factors and modulation of nuclear permeability in
apoptosis. Cell Death Differ. 8: 495–505

29. Clarke PR and Zhang C (2001) Ran GTPase: a master regulator of nuclear
structure and function during eukaryotic cell division cycle. Trends Cell Biol. 11:
366–371

30. Moore JD (2001) The Ran GTPase and cell cycle control. BioEssays 23: 77–85
31. Sazer S and Dasso M (2000) The Ran decathlon: multiple roles of Ran. J. Cell.

Sci. 113: 1111–1118
32. Hetzer M, Bilbao-Cortes D, Walther TC, Gruss OJ and Mattaj IW (2000) GTP

hydrolysis by Ran is required for nuclear envelope assembly. Mol. Cell 5: 1013–
1024

33. Zhang V and Clarke PR (2001) Roles of Ran-GTP and Ran-GDP in precursor
vesicle recruitment and fusion during nuclear envelope assembly in a human
cell-free system. Curr. Biol. 11: 208–212

34. Hay RT (2001) Protein modification by SUMO. Trends Biochem. Sci. 26: 332–
333

35. Hang J and Dasso M (2002) Association of the human SUMO-1 protease
SENP2 with the nuclear pore. J. Biol. Chem. 277: 25961–25966

36. Zhang H, Saitoh H and Matunis MJ (2002) Enzymes of the SUMO modification
pathway localize to filaments of the nuclear pore complex. Mol. Cell. Biol. 22:
6498–6508

37. Hardie DG, Carling D and Halford N (1994) Roles of the Snf1/Rkin1/AMP-
activated protein kinase family in the response to environmental and nutritional
stress. Semin. Cell Biol. 5: 409–416

38. Dzeja PP and Terzic A (2003) Phosphotransfer networks and cellular
energetics. J. Exp. Biol. 206: 2039–2047

39. Dean RT, Fu S, Stocker R and Davies MJ (1997) Biochemistry and pathology of
radical-mediated protein oxidation. Biochem. J. 324: 1–18

40. Chatterjee S and Stochaj U (1998) Diffusion of proteins across the nuclear
envelope of HeLa cells. BioTechniques 24: 668–674

41. Sorg G and Stamminger T (1999) Mapping of nuclear localization signals by
simultaneous fusion to green fluorescent protein and to b-galactosidase.
BioTechniques 26: 858–862

42. Bodoor K, Shaikh S, Salina D, Raharjo WH, Bastos R, Lohka M and Burke B
(1999) Sequential recruitment of NPC proteins to the nuclear periphery at the
end of mitosis. J. Cell Sci. 112: 2253–2264

43. Barth W, Chatterjee S and Stochaj U (1999) Targeting of the mammalian
nucleoporin p62 to the nuclear envelope in the yeast Saccharomyces
cerevisiae and HeLa cells. Biochem. Cell Biol. 77: 355–365

Effect of oxidative stress on nuclear transport
M Kodiha et al

874

Cell Death and Differentiation


