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Evidence for a Role of CRM1 in Signal-Mediated
Nuclear Protein Export

Batool Ossareh-Nazari, Frangoise Bachelerie,
Catherine Dargemont*

Chromosome maintenance region 1 (CRM1), a protein that shares sequence similarities
with the karyopherin g family of proteins involved in nuclear import pathway, was shown
to form a complex with the leucine-rich nuclear export signal (NES). This interaction was
inhibited by leptomycin B, a drug that prevents the function of the CRM1 protein in yeast.
To analyze the role of the CRM1-NES interaction in nuclear export, a transport assay
based on semipermeabilized cells was developed. In this system, which reconstituted
NES-, cytosol-, and energy-dependent nuclear export, leptomycin B specifically blocked
export of NES-containing proteins. Thus, the CRM1 protein could act as a NES receptor

involved in nuclear protein export.

Bidirectional transport across the nuclear
envelope occurs through nuclear pore com-
plexes. This process requires specific se-
quences found within transport substrates,
soluble transport proteins, and nucleopor-
ins. Thus, the import of nuclear proteins is
governed by different nuclear localization
sequences (NLS) that are presumably rec-
ognized by distinct receptors (karyopherins,
importins, and transportins) that mediate
the docking of the transport substrate at the
cytoplasmic face of the nuclear pore (1) and
by other soluble factors, including the small
guanosine triphosphatase Ran and p10, that
are responsible for the translocation step
across the nuclear pore complex (2). Recent
studies have shown that soluble factors in-
volved in the docking step of nuclear im-
port and in Ran-binding ability share amino
acid sequences and structural homology do-
mains. The CRM1 protein shares sequence
homology in its NH,-terminal region with
the karyopherin B family, as well as with
the Ran—guanosine triphosphate (GTP)-
binding domain of the Ran-GTP-binding
protein family. This protein, which is en-
coded by an essential gene in yeast, is lo-
cated at the nuclear pore complex as well as
in the nucleoplasm (3, 4). Thus, we exam-
ine whether CRM1 could be involved in
nuclear export.

Although most nuclear proteins are po-
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tential shuttling proteins (5), amino acid
sequences responsible for highly efficient nu-
clear export (NES) have recently been iden-
tified in an increasing number of proteins, in
particular, the human immunodeficiency vi-
rus—type 1 (HIV-1) Rev protein, the protein
kinase A inhibitor IkappaBa (IkBa), and
the heterogeneous nuclear ribonucleopro-
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teins (hnRNPs) Al and K (6). With the
exception of the hnRNPs, NES is a leucine-
rich sequence in which leucine residues are
critical for targeting proteins out of the nu-
cleus. Molecular mechanisms governing
NES-dependent nuclear protein export are
less well documented than those of the nu-
clear protein import pathway. However, the
existence of NES as well as its ability to
saturate NES-dependent export strongly sug-
gest the involvement of specific NES recep-
tors in this process.

To analyze the role of CRM1 in nuclear
protein export, we first tested the ability of
human CRM] protein to bind a leucine-rich
sequence (NES) (7). For this purpose, inter-
action of human CRM1 with wild-type IkBa
or IkBa-L234, a nuclear export mutant of
IkBa in which leucine residues of NES have
been replaced by alanine (6, 8), was analyzed.
In vitro-translated human MYC-tagged
CRM1 was mixed with in vitro-translated
SV5-tagged wild-type IkBa or IkBa-1.234 be-
fore being processed for immunoprecipitation
with an antibody to the MYC tag (anti-MYC
tag) or an anti-SV5 tag. CRM1 protein and
wild-type IkBa coprecipitated with both an-
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Fig. 1. CRM1 forms a leptomycin B-sen-
sitive complex with NES. (A) Interaction be-

tween CRM1 and IxBa. 3S-Methionine— e i Ty
and %5S-cysteine-labeled human MYC- -

tagged CRM1 translated in vitro was mixed C

with 35S-methionine— and 3°S-cysteine-

labeled SV5-tagged wild-type IkBa or Leptomycin B (nM) 0 2 20 200

|kBa-L234 translated in vitro before being AR epe SSe Y,

processed for immunoprecipitation with an T e T TS el Vs T

anti-MYC tag or an anti-SV5 tag (8). Im- . emi p—

muncprecipitates were analyzed by 7%

SDS-PAGE and autoradiography. (B) Interaction between CRM1 and NES. #5S-Methionine— and =5S-
cysteine—labeled CRM1 translated in vitro was incubated with streptavidin-agarose beads bound to
biotinylated BSA-NES (biot-BSA-NES) or mutated NES (biot-BSA-NESmut) conjugates (8). The binding
was performed with or without NES or mutated NES (NESmut) peptides (each 2 mg/ml). Bound (B) and
unbound (U) fractions were collected and analyzed by 7% SDS-PAGE and autoradiography. The
Bioprint acquisition system and Bioprofil program were used to quantify the autoradiograms. Values
were obtained from five independent experiments. (C) 3°S-Methionine— and 3% S-cysteine-labeled
CRM1 translated in vitro was incubated with streptavidin-agarose beads bound to biotinylated BSA-
NES conjugate (30 min at room temperature in PBS) with increasing concentrations of leptomycin B.
Bound and unbound fractions were collected and analyzed by 7% SDS-PAGE and autoradiography.
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tibodies. In contrast, no coprecipitation was
observed between CRM1 and IkBa-1234
(Fig. 1A), which suggests that CRM1 inter-
acts with IkBa NES. To confirm this result,
we conjugated biotinylated bovine serum al-
bumin (BSA) to IkBa NES (CIQQQLGQL-
TLENL) or mutated NES (CIQQQAGQA-
TAENA) (9) peptides and coupled it to
streptavidin-agarose. In vitro—translated hu-
man CRM1 bound to a NES affinity column.
However, no binding of CRM1 was observed
when leucine residues of NES were substitut-
ed by alanines (Fig. 1B) (8) or when NES was
replaced by NLS (10). Under the same exper-
imental conditions, no specific binding was
observed between NES and in vitro—trans-
lated human RIP (10). CRM1-NES interac-
tion was prevented by the addition of an
excess of NES peptide but was not affected by
the mutated NES (Fig. 1B), which confirms
that CRM1 interacts specifically with NES.
However, the possibility that the specific in-
teraction between CRM1 and NES could be
mediated by a factor provided by reticulocyte
lysate cannot be formally excluded.

The CRM1 homolog in Schizosaccharo-
myces pombe is the target of leptomycin B,
an antifungal antibiotic that induces cell
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cycle arrest at the G, and G, phases in both
mammalian and fission yeast cells (11). To
test whether the leptomycin B—induced in-
hibition of CRM1 function was related to
the ability of CRM1 to bind NES, we mon-
itored the effect of the drug on CRM1-NES
interaction. Addition of leptomycin B to
200 nM concentration completely blocked
the formation of CRMI-NES complexes
(Fig. 1C). We controlled the leptomycin B
so that it did not bind directly to NES (10).
Thus, CRM1 protein bound NES specifical-
ly in a leptomycin B—sensitive manner.

To analyze the role of the CRM1-NES
interaction in the export of nuclear pro-
teins, we developed an assay that reconsti-
tutes nuclear export in vitro. HelLa cells
were transiently transfected with cDNAs
encoding fusion proteins consisting of
MYC-tagged pyruvate kinase (PK), wild-
type or mutated IkBa NES, and SV40 large
T antigen NLS to direct the resulting pro-
teins to the nucleus (NLS-PK-NES and
NLS-PK-NESmut, respectively) (12). Eigh-
teen hours after transfection, cells were
treated with digitonin to permeabilize the
plasma membrane and remove cytosolic
components without affecting the integrity

of the nuclear envelope (13). Exports of
NLS-PK-NES and NLS-PK-NESmut from
permeabilized cell nuclei were analyzed un-
der different incubation conditions by indi-
rect immunofluorescence with an anti-
MYC tag (Fig. 2A) (I14). Incubation of
permeabilized cells with buffer in the pres-
ence or absence of adenosine triphosphate
(ATP) did not allow nuclear export of both
proteins. In contrast, addition of Xenopus
laevis egg extracts (cytosol) and ATP for 30
min at 23°C led to the disappearance of
NLS-PK-NES from the nucleus, whereas
the nuclear content of NLS-PK-NESmut
was not affected. Treatment of the cytosol
with apyrase abolished the disappearance of
NLS-PK-NES from the nucleus. Because
only a few amino acids within NES are
different between both proteins, the disap-
pearance of NLS-PK-NES from the nucleus
treated with cytosol and ATP likely corre-
sponded to an active nuclear export of this
protein rather than an ATP-dependent hy-
drolysis that should also affect the mutated
protein. To quantify results obtained by
indirect immunofluorescence, we analyzed
proteins from permeabilized cells treated in
the different conditions by SDS—polyacryl-
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Fig. 2. In vitro NES-dependent protein nuclear export assay. Hela cells were
transiently transfected with cDNAs encoding NLS-PK-NES or NLS-PK-NES-
mut (72). Eighteen hours after transfection, cells were permeabilized with
digitonin (65 wg/ml) in transport buffer and incubated for 30 min at 23°C with
BSA (20 mg/ml) in transport buffer in the absence (buffer) or presence of ATP
(buffer + ATP) or with 45% X. laevis egg extracts in transport buffer in the
presence of ATP (extracts + ATP) or in the absence of ATP [addition of
apyrase (20 U/ml); extracts + apyrase] (13). After incubation under different
conditions, cells were processed for immunofluorescence (A) or for protein
immunoblotting (B) (74, 76). In both cases, NLS-PK-NES and NLS-PK-
NESmut were detected with a monoclonal anti-MYC tag. The nuclear DNA
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was visualized by costaining with 4’,6'-diamidino-2-phenylindole (DAPI).
Photographs corresponding to the different conditions were taken with the
same setting parameters. hnRNP C was used as an internal control of a
nonexported protein in the same samples. (C) Quantitation of protein immu-
noblots from four independent experiments was performed with the Bioprint
acquisition system and Bioprofil program. Hatched and white columns rep-
resent results obtained for NLS-PK-NES and NLS-PK-NESmut, respectively.
Values correspond to the ratio between NLS-PK-NES and hnRNP C or
NLS-PK-NESmut and hnRNP C contents measured on the same blot and
normalized to the ratio measured after incubation in transport buffer without
ATP (considered as 100%).
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amide gel electrophoresis (PAGE) and pro-
tein immunoblotting with an anti-MYC tag
and an anti-hnRNP C (Fig. 2, Band C) (15).
The hnRNP C protein was used as an internal
control of a nonexported protein in both im-
munofluorescence and protein immunoblot-
ting analyses (10, 16). Neither buffer alone,
buffer and ATP, or cytosol treated with
apyrase affected the nuclear content of NLS-
PK-NES or NLS-PK- NESmut. However,
75% of NLS-PK-NES was exported when
both cytosol and ATP were added to per-
meabilized cells, whereas only 15% of NLS-
PK-NESmut was transported under the
same condition. In this in vitro assay, the
replacement of total cytosol by the recom-
binant proteins required for import (karyo-
pherins, Ran/TC4, and p10) promoted the
nuclear import of a karyophilic substrate
(BSA-NLS) but did not induce the nuclear
export of NLS-PK-NES, which indicates
that an essential component for nuclear
export was provided by the total extracts
(10). Thus, this in vitro assay allowed the
reconstitution of a NES-, cytosol-, and en-
ergy-dependent nuclear export.
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Fig. 3. Leptomycin B inhibits NES-dependent
protein nuclear export. In vitro nuclear export of
NLS-PK-NES was performed as in Fig. 2 in BSA
(20 mg/m) (buffer), in 45% X. laevis egg extracts
supplemented with ATP (extracts + ATP), or in
45% X. laevis egg extracts supplemented with
ATP and 200 nM leptomycin B (extracts + ATP +
leptomycin B). Nuclear export of NLS-PK-NES
was analyzed by indirect immunofluorescence (A)
or protein immunoblot (B) with an anti-MYC tag or
an anti-hnRNP C.
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We next analyzed the role of CRMI-
NES interaction in NES-dependent pro-
tein export by adding leptomycin B (Fig.
1). Cells producing NLS-PK-NES were
permeabilized and treated with cytosol
and ATP in the presence or absence of
200 nM leptomycin B (Fig. 3, A and B).
Nuclear export of NLS-PK-NES was ana-
lyzed by both indirect immunofluores-
cence and protein immunoblotting. Eighty
percent of NLS-PK-NES was exported out
of the nucleus with the addition of ex-
tracts and ATP, whereas, in the presence
of leptomycin B, 90% of the protein stayed
in the nucleus. No detectable effect of
leptomycin B was observed when the drug
was used at a 20 nM concentration (10).
Thus, leptomycin B, which inhibits the
interaction of CRM1 with NES, was able
to block NES-dependent protein export in
a similar concentration range. Leptomycin
B at a concentration of 2 nM inhibits
HIV-1 replication in primary human mono-
cytes or in transient transfection in fibro-
blasts by preventing Rev function (17),
which indicates that CRM1 also interacts
with HIV-1 Rev protein. Because the drug
could be accumulated by living cells, it
may explain why lower concentrations are
required for nuclear export inhibition in
vivo than in vitro.

CRM1 thus appears to form a specific
complex with NES that is necessary for
NES-mediated nuclear protein export.
These data suggest that CRM1 could act as
an NES receptor involved in nuclear ex-
port. Phe-Gly (FG) repeat—containing nu-
cleoporins or related proteins such as RIP
have been described as participating in
NES-mediated Rev export in both yeast
and higher eukaryotic cells. However, di-
rect binding of recombinant Rev to recom-
binant FG repeats produced in Escherichia
coli was not detectable in vitro (18). The
interaction of CRM1 with NES may target
the NES-containing substrates to the FG
nucleoporins more efficiently. Moreover,
CRM1 shares a sequence motif related to
the Ran-GTP-binding site of Ran-GTP-
binding proteins (4), and both pl0 and
Ran-GTP, but not Ran-dependent GTP hy-
drolysis, appear to be required in NES-me-
diated protein export (19). By analogy with
the nuclear import process, Ran or a Ran-
binding protein may also regulate the inter-
action of CRMI-NES-containing protein
complexes with the nuclear pore complex
before translocation out of the nucleus.
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The Possibility of Ice on the Moon

N. J. S. Stacy et al. (1) have dealt a blow
to the hypothesis that ice deposits may exist
in permanently shadowed regions at the
lunar poles. Their ground-based radar ob-
servations detected several areas with high
backscatter cross sections and circular po-
larization ratios consistent with ice, but in
locations that are at least occasionally illu-
minated by sunlight. These features are as-
sociated with walls and rims of small craters;
the most likely explanation for their occur-
rence is high surface roughness at the scale
of the radar wavelength. Mercury has re-
gions with similarly anomalous radar prop-
erties located near its poles, in permanently
shadowed floors of large craters (2). These
anomalies have been interpreted as result-
ing from ices accumulated by cometary and
meteoritic bombardment (3). The results of
Stacy et al. imply an alternative explana-
tion: They may be a result of a difference in
texture rather than composition. Such a
difference could be caused by their thermal
environment.

The sunlit and permanently shadowed
regions of Mercury are, respectively, the
hottest and coldest surfaces in the solar
system that have silicate composition and
are subject to meteoroid bombardment.
Their responses to impacts should differ
accordingly. Hot target material will yield a
higher proportion of impact melt, while
cold material should have a greater tenden-
cy toward brittle fracture, producing frag-
ments that are more angular. Thus, one may
expect mature regoliths developed at such
different temperatures to have different ra-
dar scattering properties, with the colder
surface having higher roughness and radar
albedo. It is not clear whether this effect
would suffice to account for the magnitude
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of the radar anomalies observed on Mercu-

ry, but this hypothesis could be experimen-

tally tested by hypervelocity impacts into
silicate targets at extreme temperatures.
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We would like to clarify our understanding
of events associated with the 1992 Arecibo
observations of the lunar south pole (1) and
the Clementine bistatic radar experiment
(2). The Clementine team was fully aware
of the Arecibo observations before conduct-
ing the bistatic radar experiment. Although
interpretation of the Arecibo observations
was inconclusive, it had been suggested that
areas showing high circular polarization ra-
tios (CPRs), observed below the sun line
inside the crater containing the south pole,
could be underlain by ice (3). Surface
roughness was an alternative explanation
for the observed high CPR. The Clemen-
tine bistatic radar experiment was designed
to resolve this ambiguity. Observations over
a range of bistatic (phase) angle, B, can
distinguish diffuse scattering caused by
wavelength-scale roughness from the highly
directional coherent backscatter opposition
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effect (CBOE), indicative of low-loss tar-
gets (for example, ice). This measurement
cannot be made from ground-based tele-
scopes. The rationale for bistatic observa-
tions is well documented (4).

Clementine observed a CPR peak around
B = 0 near the south pole, consistent with the
presence of ice at the surface. This peak was
not observed anywhere else on the lunar sur-
face and was isolated to an area within 60 km
of the south pole. The radar footprint was
faitly broad, and included areas outside of
permanent shadow; thus, only a tiny fraction
of this area could be underlain by ice. The
method used (2) to estimate the area of puta-
tive ice deposits is similar to that applied to
the polar deposits on Mercury (5). An upper
limit on the area of ice deposits of 80 to 135
km? was estimated, assuming contributions to
the scattered signal from the total observed
area of 45,000 km?. If the estimate is made
strictly from the surface area that can contrib-
ute to the observed CPR peak (that is, the
area over which the range of B = *£1°), the
area of possible ice deposits is reduced to 7 to
10 km?. Given uncertainties in the properties
of the putative ice deposits, this estimate can
be reconciled with areas showing high CPR in
the Arecibo images. We should have been
clearer in our presentation in order to avoid
misleading interpretation. The high spatial
resolution of the Arecibo images show that
any possible ice is small and patchy, as we
suggested (2). Stacy et al. suggest that Clem-
entine and Arecibo measurements are in dis-
agreement (1), but meaningful comparisons
can be made only for regions observed at
similar incidence and B, normalized to the
same area.

A result reported by us (2) for a specific
area {80° to 82° south latitude), angle of
incidence 84°, B = 1 degree, CPR 0.36 *
0.01, is in agreement (3 o) with the
Arecibo near south pole (CPR 0.43 * ?)
values, given that no error was stated (I).
This correct Clementine near south pole
CPR value was not used by Stacy et al. (1).
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