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Human CRM1 (hCRM1) functions in the Rex-mediated mRNA export of human T-cell leukemia virus type
1 (HTLV-1) as an export receptor and as an inducing factor for Rex multimerization on its cognate RNA.
Although there are only 24 amino acid differences between hCRM1 and rat CRM1 (rCRM1), rCRM1 can
hardly support Rex activity, suggesting a role for rCRM1 as a determinant restricting the host range of
HTLV-1. Here, we used a series of mutants, which were generated by interchanging residues of these CRM1s,
to examine the relationship of hCRM1 functions. The functions for Rex multimerization and binding to nuclear
export signals are mapped to different amino acid residues, and these are separable, suggesting that CRM1 not
only functions as an export receptor but also participates in the formation of the RNA export complex through
higher-ordered interaction with Rex. The region for the interaction with RanBP3, comprising four residues
(amino acids [aa] 411, 414, 474, and 481), and the region for Rex multimerization, including two residues (aa
411 and 414), form an overlapped domain. Our results provide the molecular basis underlying the species-
specific ability of HTLV-1 to propagate in human cells.

Human CRM1 (hCRM1) belongs to the family of importin
�-related nuclear transport receptors, also referred to as
karyopherins, and has been shown to export some types of
RNA (6, 14, 21, 31, 34) as well as a number of proteins that
carry the leucine-rich type of nuclear export signal (NES) (11,
13, 32, 36). Nuclear export by hCRM1 across the nuclear pore
complex (NPC) is regulated by the GDP/GTP cycle of a small
GTPase, Ran. Most nuclear Ran is in GTP-bound form, but
cytoplasmic Ran is GDP bound. This reflects the nuclear lo-
calization of regulator of chromosome condensation 1
(RCC1), which specifically catalyses the exchange of guanine
nucleotides on Ran (4) and cytoplasmic location of a GTPase-
activating protein, RanGAP (5). hCRM1 binds to export sub-
strates only within the nucleus, since this binding requires
simultaneous association of hCRM1 with RanGTP (11, 36).
This ternary complex is translocated to the cytoplasm across
the NPC through a possible hydrophobic interaction between
hCRM1 and nucleoporins. Following this, RanGTP in the
complex is converted to RanGDP by RanGAP in concert with
RanBP1 (and probably RanBP2), leading to dissociation of the
complex and release of the substrate into the cytoplasm (3, 23).

Recently, Ran-binding protein 3 (RanBP3) (10, 26, 29, 30)
has been shown to bind to RCC1 in a Ran-dependent manner
and to increase the nucleotide exchange activity of RCC1,
resulting in high concentrations of RanGTP in the vicinity of
RCC1. Furthermore, it has been shown that RanBP3 directly
binds to hCRM1 and thereby recruits hCRM1 to RCC1. Con-
sequently, RanBP3 acts as a scaffold protein by which compo-
nents of the export complex are concentrated around the

RCC1 site, thus promoting complex assembly (30). RanBP3
continues to interact with hCRM1 to stabilize the hCRM1-
substrate-RanGTP complex, thereby forming a quaternary
complex.

As detailed above, to efficiently export proteins hCRM1
must possess functional domains that interact with numerous
proteins including NES, RanGTP, RanBP3, and nucleoporins.
A previous report demonstrated that the residues assigned as
Asp 716 and Lys 810, as well as other residues in the neigh-
borhood of Lys 810 in hCRM1, are involved in binding to Rev
protein of human immunodeficiency virus type 1, which carries
the NES (2). Another report demonstrated that a region be-
tween residues 566 and 720 in hCRM1 might be essential for
NES binding (33). The amino-terminal 150 amino acids (aa) of
hCRM1 have a sequence that is homologous to that of other
members of the importin-� family (12, 16). Indeed, a region
between residues 61 and 160 was shown to be essential for the
interaction of RanGTP with hCRM1 (33). Furthermore, the
cysteine residue at 528 in hCRM1 has been demonstrated to
bind directly to leptomycin B (LMB), a specific inhibitor of
CRM1 function (24). Despite the progress which has been
made in understanding CRM1 function, precise mapping of
the functional domains of hCRM1 has not been accomplished
yet, partly because the interaction of hCRM1 with one com-
ponent affects its binding with other components.

RNA export is generally considered to be mediated by its
surrounding RNA binding proteins, which recruit export re-
ceptors, with the exception of tRNA, which is directly trans-
ported by exportin-t (1, 25). For example, spliceosomal small
nuclear RNA export is initiated by recognition of its 5�-termi-
nal cap structure by the CBP20/80 complex, which associates
with a protein termed phosphorylated adaptor for RNA export
(PHAX). PHAX subsequently recruits CRM1 through its NES
(31). Therefore, the processes of RNA and protein export
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share common mechanisms. However, since RNA usually ex-
ists as a large ribonucleoprotein (RNP) complex, its export has
additional requirements, for example, the necessity for energy
to facilitate movement in the nucleus (7) and remodeling of the
Balbiani ring RNP complex during translocation through the
NPC (28).

One of the most extensively studied examples of RNA ex-
port is that of human retroviruses, including human T-cell
leukemia virus type 1 (HTLV-1) and human immunodeficiency
virus; these viruses encode posttranscriptional regulator pro-
teins Rex and Rev, respectively. The regulator proteins escort
unspliced and incompletely spliced viral mRNAs to the cyto-
plasm and enhance the expression of enzymatic and structural
proteins encoded by these mRNAs (8, 35). Rex and Rev di-
rectly bind both the viral mRNA and hCRM1 in the presence
of RanGTP via their RNA binding domains and NES, respec-
tively. Therefore, Rex and Rev act as adaptor proteins that
bridge the target mRNA and the export receptor. Notably,
multimer formation of Rex/Rev along the viral mRNA is re-
quired for RNA export (9, 27, 37), although export of Rex/Rev
proteins themselves does not require their multimerization.
Multimerization would allow a number of Rex/Rev proteins to
shield RNA, thus preventing the attachment of factors that are
involved in splicing and nuclear retention of RNA and conse-
quently increasing the number of CRM1 molecules that asso-
ciate with the complex. The association of multiple CRM1
molecules may be important in overcoming the factors that
retain RNA in the nucleus and allow RNA to pass efficiently
through NPCs.

Multimer formation requires not only intact multimerization
domains, which contain the sites for Rex-Rex or Rev-Rev
interaction, but also hCRM1 accompanying RanGTP (17, 18,
19). The essential role of CRM1 in Rex multimerization was
confirmed by the observation that rat CRM1 (rCRM1), which
exports Rex as efficiently as hCRM1 but does not support Rex
multimerization, is barely able to transport viral RNA (18).
Two possible mechanisms by which CRM1 induces Rex/Rev
multimerization can, therefore, be envisaged. The association
of CRM1 with the NES region of Rex/Rev proteins may trigger
a conformational change in Rex/Rev that leads directly to their
multimerization. Alternatively, binding of CRM1 to the NES
may be necessary, but not sufficient, and additional interac-
tions between Rex/Rev and CRM1 may be required for mul-
timerization. It is important to unequivocally determine which
scenario is correct, not least because the second possibility may
suggest direct involvement of CRM1 in formation of the RNA
export complex besides its function as an export receptor.
Specifically, the second hypothesis predicts that hCRM1 pos-
sesses a domain required for its additional interaction with Rex
to induce Rex-Rex interaction. Given that rCRM1 and
hCRM1 are highly homologous (they differ by only 24 aa
residues out of a total of 1,071), these two proteins are partic-
ularly suitable for determining the structure-function relation-
ships of CRM1, including its induction of Rex-Rex interaction.

In this study, using a series of CRM1 mutants that was
generated by interchanging hCRM1 and rCRM1 residues, we
investigated the amino acid residues in hCRM1 that are critical
for supporting Rex activity. Our analyses revealed a novel
functional domain, in the region spanning residues 411 to 481,
which is involved in binding of hCRM1 to RanBP3. Moreover,

we identified two amino acids (residues 411 and 414) that are
crucial for Rex multimerization, supporting the view that sim-
ple association of hCRM1 with the NES of Rex does not suffice
but that a higher-ordered interaction between hCRM1 and
Rex is required for RNA export.

MATERIALS AND METHODS

Cloning and plasmid construction. To construct pSR�hrCRM1 and
pSR�rhCRM1, the N-terminal half of the hCRM1 or rCRM1 coding region
(corresponding to aa 1 to 679 of each CRM1) was amplified by PCR using the
primer pair 5�-GTT CAA TCT CTG GTA ATC TAT GCC AGC-3� and 5�-GCT
GCT TGA CTG TCT CGG GGT CTT T-3� (primer 1) or the primer pair
5�-AGG AAG GAG CAG TTG GTT CAA TCT CTG GTA A-3� and primer 1,
with pSR�hCRM1 or pSR�rCRM1, respectively, as a template. The C-terminal
half of the hCRM1 or rCRM1 coding region (corresponding to aa 680 to 1071)
was amplified using the primer pair 5�-TAT CCT GAA AGA CCC CGA GAC
AGT CAA-3� (primer 2) and 5�-AAC GGT ACC CGC ACT AGT CAC ACA
TTT CTT CTG GAA TCT CAT GTG GAT-3� or the primer pair primer 2 and
5�-AGG ACA AAC GCT GCA CAG GGA AA-3�. These four fragments were
blunt ended by Pfu DNA polymerase treatment and digested with AvaI, and the
C-terminal fragments were digested with KpnI. The digested N- and C-terminal
fragments were then cloned into pSR�296 (17) in the appropriate combinations.

To exchange amino acids in the hCRM1 sequence for the corresponding
residues from the rCRM1 sequence or vice versa, PCR-based mutagenesis was
carried out using a QuikChange site-directed mutagenesis kit (Stratagene) in
accordance with the manufacturer’s instructions. The sequences of all of the
constructs were confirmed by DNA sequencing.

To construct pSR�Rex-HA, the Rex coding region from pSR�Rex was am-
plified by PCR using the primer pair 5�-ATG CCC AAG ACC CGT CGG AGG
C-3� and 5�-GGA ATT CTA AGC GTA GTC TGG GAC GTC GTA TGG GTA
CGT GGG GCA GGA GGG GCC AGG TGA T-3�, which encodes a hemag-
glutinin (HA) tag. The PCR product was blunt ended and digested with EcoRI
and cloned into the PstI-digested, blunt-ended, and EcoRI-digested pSR�296.
The activity of Rex-HA protein was the same as that of nontagged wild-type Rex
(data not shown). The plasmids, including pSR�Rex, pSR�RexM64,
pSR�TAgRexM64, pCDM�-galactosidase (pCDM�-gal), pGAL4, pRexVP,
pSR�hCRM1, pSR�rCRM1, pGAL-hCRM1, pGAL-rCRM1, pG5BCAT, and
pDM128RxRE, have all been described previously (17, 18).

The recombinant protein expression plasmids pET3dRanQ69L (20) and
pGEX-2TRanBP3 (38), which expresses glutathione S-transferase (GST)-
RanBP3 type b, were kind gifts from Y. Yoneda and I. Macara, respectively.

Cell culture and transfection. HeLa cells and rat REF52 cells were maintained
in an atmosphere of 5% CO2 at 37°C in Dulbecco’s modified Eagle’s medium
that was supplemented with 10% fetal bovine serum. Transfection was carried
out using Lipofectamine Plus reagents (GIBCO-BRL Life Technologies) accord-
ing to the manufacturer’s instructions. The total amount of DNA in each exper-
iment was kept constant by adding pSR�296. All transfection experiments were
performed in duplicate and repeated at least twice.

Measurement of Rex activity. HeLa cells were transfected with a mixture that
included 0.05 �g of pSR�Rex, 0.2 �g of pSR�TagRexM64, 0.3 �g of various
pSR�CRM1s, and 0.5 �g of pDM128RxRE, which expresses chloramphenicol
acetyltransferase (CAT) protein, depending on the degree of Rex activity. All
samples were also transfected with 0.1 �g of pCDM�-gal for the normalization
of transfection efficiency. At 24 h posttransfection, the cells were lysed and the
amount of CAT was quantified using a CAT ELISA kit (Boehringer Mannheim)
according to the manufacturer’s instructions. The �-galactosidase (�-Gal) activ-
ity was measured by assays employing standard colorimetric methods. The CAT/
�-Gal ratio was calculated for each sample to represent Rex activity.

REF52 cells were transfected with 0.5 �g of pDM128RxRE–0.5 �g of
pSR�Rex–0.5 �g of various pSR�CRM1s–0.1 �g of pCDM�-gal. At 24 h post-
transfection, the cells were harvested and the CAT/�-Gal ratio was calculated.

Measurement of Gag expression. REF52 cells were transfected with 0.5 �g of
K30 (which is an infectious HTLV-1 molecular clone)–0.01 �g of various
pSR�CRM1s–0.1 �g of pCDM�-gal. At 48 h posttransfection, the medium of
the cell culture was centrifuged at low speed to remove the cell debris. The
clarified supernatant was ultracentrifuged at 40,000 � g for 60 min, the resultant
sediment (comprising viral particles) was lysed in lysis buffer with a RETRO-
TEK HTLV p19 Antigen ELISA kit (ZeptoMetrix), and the amount of Gag
protein was quantified in accordance with the manufacturer’s recommended
procedure. On the other hand, the cells were harvested to estimate the �-Gal
activity and the Gag/�-Gal ratio was calculated.
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In vivo assay of protein-protein interaction. Protein-protein interactions in
REF52 cells were analyzed using a mammalian two-hybrid system (17). The cells
were transfected with a mixture of 0.2 �g of the plasmid expressing various
GAL-CRM1s in combination with 0.2 �g of pRexVP and 0.6 �g of pG5BCAT,
a reporter plasmid which expresses CAT protein when GAL4-fused CRM1s
interact with Rex-VP. All samples were also transfected with 0.1 �g of pCDM�-
gal. At 24 h posttransfection, the cells were harvested and the CAT/�-Gal ratio
was calculated.

Detection of Rex multimerization. HeLa cells were transfected with 0.3 �g of
various pSR�CRM1s, 0.5 �g of pDM128RxRE, and 0.05 �g of pSR�RexM64,
which expresses RexM64 harboring mutations in the multimerization domain
(17). All samples were also transfected with 0.1 �g of pCDM�-gal. At 24 h
posttransfection, the cells were harvested and the CAT/�-Gal ratio was calcu-
lated for each sample.

Immunofluorescence microscopy. REF52 cells were transfected with a mixture
of 0.1 �g of pSR�Rex-HA along with 0.3 �g of pSR�296 or various
pSR�CRM1s. At 24 h posttransfection, the cells were fixed with a 2% parafor-
maldehyde–phosphate-buffered saline solution. After perforation with 0.1% NP-
40, the cells were incubated with rat anti-HA monoclonal antibody (clone 3F10;
Roche) and affinity-purified chicken anti-hCRM1 antibody for 2 h followed by
incubation with Cy3- and fluorescein isothiocyanate (FITC)-conjugated second-
ary antibody for 1 h. The stained cells were observed using an Axiovert 135
system (Carl Zeiss).

Western blot analysis. Proteins dissolved in sample buffer were applied to
sodium dodecyl sulfate-polyacrylamide electrophoresis gels and transferred to
nitrocellulose filters by using standard techniques. Mouse anti-GAL4 monoclo-
nal antibody (Santa Cruz Biotechnology) and affinity-purified chicken anti-
hCRM1 antibody (18) were used as primary antibodies to detect GAL-fused
proteins and CRM1s, respectively. Horseradish peroxidase- or alkaline phos-
phatase-conjugated anti-immunoglobulin G antibodies (Promega) were used as
secondary antibodies. Immunoreactive bands were visualized using an ECL Plus
chemiluminescent substrate (Amersham Pharmacia Biotech) followed by the use
of a LAS-1000 Plus system (Fujifilm) or BCIP (5-bromo-4-chloro-3-indolylphos-
phate)/Nitro Blue Tetrazolium solution.

Expression and purification of recombinant proteins. The recombinant
RanQ69L protein was expressed in Escherichia coli, purified, and then charged
with GTP according to the method previously reported (18).

The plasmid pGEX-2TRanBP3 was used to prepare recombinant RanBP3
protein with a NH2-terminal GST tag. The expression of recombinant GST-
RanBP3 protein was induced using 1 mM isopropyl-�-D-thiogalactopyranoside in
the E. coli strain BL21(DE3) Gold. The E. coli cells were lysed in buffer A (50
mM Tris HCl [pH 8.0], 500 mM NaCl, 2 mM MgCL2, 1 mM dithiothreitol, 1 �g
each of aprotinin, leupeptin, and pepstatin per ml) by freezing-thawing and
sonication. After centrifugation (100,000 � g, 30 min), the clarified lysate was
applied to glutathione-Sepharose 4B (Amersham Pharmacia) equilibrated with
buffer A and incubated with rotation at 4°C for 30 min. The resin was washed
three times with buffer A and once with buffer B (50 mM Tris HCl [pH 8.0], 50
mM NaCl, 1 mM MgCL2, 1 mM dithiothreitol, 1 �g each of aprotinin, leupeptin,
and pepstatin per ml), and then 10 mM reduced glutathione was added to elute
proteins. The eluate was applied to a Hi-Trap Q column and separated with a
linear gradient of buffer C (50 mM Tris HCl [pH 8.0], 1 mM MgCL2, 1 mM
dithiothreitol, 1 �g each of aprotinin, leupeptin, and pepstatin per ml) containing
50 to 500 mM NaCl. The fractions containing GST-RanBP3 protein were applied
to Superdex 200 (Amersham Pharmacia Biotech) equilibrated with transport
buffer (20 mM HEPES [pH 7.3], 110 mM potassium acetate, 5 mM sodium
acetate, 2 mM magnesium acetate, 0.5 mM EGTA, 2 mM dithiothreitol, 1 �g
each of aprotinin, leupeptin, and pepstain per ml) and then concentrated using
a Centricon YM 10 centrifugal filter unit (Amicon-Millipore). For preparation of
recombinant nontagged RanBP3, GST-RanBP3 (eluted by the reduced glutathi-
one as mentioned above) was cleaved by thrombin before purification with a
Hi-Trap Q column.

GST proteins were expressed by pGEX6P and purified with glutathione-
Sepharose 4B.

In vitro transcription and translation system. Coupled transcription and
translation was performed using TNT T7 Quick for PCR DNA (Promega). PCR
DNA products used as templates in this system were prepared as follows. Tem-
plate DNA for Rex-HA protein synthesis was prepared by PCR using the primer
pair 5�-CAG ATT TAA TAC GAC TCA CTA TAG GGA AAA ACC ACC
ATG CCC AAG ACC CGT CGG AG-3� and 5�-GGA ATT CTA AGC GTA
GTC TGG GAC GTC GTA TGG GTA CGT GGG GCA GGA GGG GCC
AGG TGA-3� and pRex-VP as a template. The first-named primer contains the
T7 promoter, the Kozak sequence, and a Rex gene-specific element. For each
CRM1 synthesis, the primer pair 5�-CAG ATT TAA TAC GAC TCA CTA TAG

GGA AAA ACC ACC ATG CCA GCA ATT ATG ACA ATG TTA G-3� and
5�-AAC GGT ACC CGC ACT AGT CAC ACA TTT CTT CTG GAA TCT
CAT GTG GAT-3� and various pGAL-CRM1s as a template were used. The
first-named primer contains the T7 promoter, the Kozak sequence, and an
hCRM1 gene-specific element.

Interaction of CRM1s with Rex-HA in vitro. CRM1 and Rex-HA were pro-
duced (using a transcription-translation system) in one reaction tube. These were
incubated with or without 4 �M of GTP-charged RanQ69L protein and 2 mM
GTP for 30 min at 30°C in 50 �l of binding buffer A (20 mM HEPES [pH 7.3],
110 mM potassium acetate, 20 mM sodium acetate, 2 mM magnesium acetate, 2
mM dithiothreitol, 0.01% NP-40). After incubation, 2 �l of each reaction mixture
was dissolved in sample buffer and used as an input fraction and 40 �l of each
reaction mixture was incubated with 0.2 �g of anti-HA monoclonal antibody,
which had been immobilized on 20 �l of protein G-Sepharose, for 2 h at 4°C in
200 �l of binding buffer A. The resins were collected by low-speed centrifugation
and washed four times with 1 ml of binding buffer A, following which sample
buffer was added to the resins. CRM1 proteins in the input and bound fractions
were analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis fol-
lowed by Western blot analysis using anti-hCRM1 antibody.

In vitro binding of CRM1s to NES peptide. Various CRM1s were translated in
60 �l of transcription-translation reaction solution. Then, 2-�l aliquots were
mixed with sample buffer (input) and 25-�l aliquots were incubated with NES
peptide, which had been conjugated to biotinylated bovine serum albumin (BSA)
and immobilized on avidin-agarose, in the absence or presence of 5 �M GTP-
charged RanQ69L protein and 1 mM GTP for 2 h at 4°C in 240 �l of binding
buffer B (20 mM HEPES [pH 7.3], 110 mM potassium acetate, 5 mM sodium
acetate, 2 mM magnesium acetate, 0.5 mM EGTA, 2 mM dithiothreitol, 0.01%
NP-40). The NES peptide used in this assay was CYELALKLAGLDINK, which
is derived from the protein kinase A inhibitor (PKI). After incubation, the resins
were recovered by low-speed centrifugation and washed four times with 1 ml of
binding buffer B, following which sample buffer was added to the resins.

In some experiments, recombinant RanBP3 protein was added to the binding
reaction mixture at a final concentration of 0.3 �M or 0.9 �M.

CRM1 binding to RanBP3. Various CRM1s were translated in 50 �l of
transcription-translation reaction solution. Aliquots (2 �l) were mixed with sam-
ple buffer (input), and 20-�l aliquots were incubated with 4 �g of GST or
GST-RanBP3, which had been immobilized on 20 �l of glutathione-Sepharose
4B, for 1 h at 4°C in 200 �l of binding buffer B. The resins were recovered by
low-speed centrifugation and washed four times with 1 ml of binding buffer B,
following which sample buffer was added to the resins.

RESULTS

Four amino acid residues of hCRM1 are important for Rex
activity. To measure the activity of various CRM1s in Rex-me-
diated mRNA export, we used a transient transfection assay (18).
This assay includes pDM128RxRE and pSR�TAgRexM64,
which expresses TAgRexM64, a dominant-negative Rex mu-
tant that inhibits Rex activity by sequestering hCRM1 with
wild-type Rex in HeLa cells. Hakata et al. previously demon-
strated that overexpression of hCRM1 completely rescues Rex
activity from inhibition by TAgRexM64 (17). This effect was
reproduced in the present study. In contrast, rCRM1 did not
restore Rex activity (Fig. 1A). When we employed LMB, a
specific inhibitor of CRM1 (24), to knock out endogenous
CRM1 as an alternative method, overexpression of hCRM1,
but not rCRM1, restored Rex activity again (reference 18 and
data not shown). Taken together, these results reconfirm that
rCRM1, in contrast to hCRM1, does not efficiently function as
a cofactor of Rex.

To identify the region of hCRM1 that is critical in support-
ing Rex activity, we constructed plasmids that express chimeric
proteins of hCRM1 and rCRM1. One of these chimeras (des-
ignated hrCRM1) consists of the N-terminal half of hCRM1
(aa 1 to 679) and the C-terminal half of rCRM1 (aa 680 to
1072), and the other is a reverse chimera (termed rhCRM1)
(Fig. 1A). Each N-terminal or C-terminal half of hCRM1 has
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12 residues that differ from those of rCRM1. We compared the
abilities of the two chimeric CRM1s to rescue Rex activity
from inhibition by TAgRexM64. As shown in Fig. 1A, overex-
pression of hrCRM1 could restore Rex activity with over half

the efficiency of hCRM1, whereas there was no enhancement
of Rex activity by rhCRM1. These results indicated that the
N-terminal region of hCRM1 is involved in mediating Rex
activity.

FIG. 1. The amino acid residues of hCRM1 required for Rex ac-
tivity. (A) The ability of CRM1s to support Rex activity. HeLa cells
were transfected with the indicated plasmids. After cell lysis, the
amount of CAT and the activity of �-Gal were measured and CAT/
�-Gal ratios were calculated. The ratio for the control sample without
pSR�TAgRexM64 and pSR�CRM1s was arbitrarily set at 1. The
amount of CAT and the �-Gal activity in control samples were over
300 pg and 3.0 � 10�3 U, respectively. Error bars represent standard
deviations. (B) Restoration of Rex activity by overexpression of
CRM1s in HeLa cells. The experimental procedure was the same as
that described for panel A. (C) Effect of overexpressing CRM1s on
Rex activity in REF52 cells. REF52 cells were transfected with the
indicated plasmids. At 24 h of posttransfection, CAT/�-Gal ratios were
calculated. The ratio for the sample without pSR�CRM1s was arbi-
trarily set at 1. (D) Western blot analysis of various CRM1s. A fraction
of each sample used in the experiments described for panel C was
subjected to Western blot analysis using the anti-hCRM1 antibody to
examine CRM1 protein synthesis. This antibody was raised with the
peptide, which represents the carboxy-terminal region of hCRM1 and
has a sequence different from that of rCRM1, so it does not recognize
endogenous rCRM1. (E) Effect of CRM1s on Rex-mediated Gag
expression from HTLV-1 molecular clone. At 48 h posttransfection,
Gag/�-Gal ratios were calculated. The ratio for the sample without
pSR�CRM1s was arbitrarily set at 1. (F) A schematic representation
of hCRM1 functional domains. The amino acid sequence of hCRM1 is
shown. Experiments characterizing the RanGTP binding domain (bro-
ken line) (33), LMB binding residue (arrowhead) (24), Rev-interacting
amino acids (asterisks) (2), and the domain binding to NES (under-
line) (33) have been previously reported. The residues 411, 414, 474,
and 481 in hCRM1 are indicated in bold characters, and the corre-
sponding residues of rCRM1 are indicated under the hCRM1 se-
quence in single-letter amino acid code.
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To identify amino acids in the N-terminal half of hrCRM1
that are necessary for Rex activity, we made plasmids that
express mutants in which one hCRM1-specific amino acid was
replaced with the corresponding rat residue. These CRM1s
were named in accordance with the specific amino acid chang-
es; for example, in hr191, the human-type residue at position
191 of hrCRM1 was replaced with the corresponding rat res-
idue. Western blot analysis confirmed that all the CRM1 pro-
teins were produced at similar levels in cells (data not shown).
In examining whether these mutants could restore Rex activity,
we found four mutants (hr411, hr414, hr474, and hr481) that
had very little capacity for reinstating activity similar to that of
rCRM1 (Fig. 1A). The CRM1 mutants hr191, hr284, hr334,
hr337, hr346, hr402, and hr412 restored Rex activity as effi-
ciently as hrCRM1, while hr478 had an intermediate capacity.
These data suggested that the four residues at positions 411,
414, 474, and 481 are the most important for support of Rex
activity and that residue at position 478 might affect Rex ac-
tivity weakly. Thus, in the following experiments we focused on
the four residues at positions 411, 414, 474, and 481. The
positions of these four residues are schematically represented
in Fig. 1F in relation to the positions of other functional do-
mains of CRM1.

We then constructed plasmids that express the same series
of hCRM1-based mutants as to these four residues (h411,
h414, h474, and h481) and a plasmid, h412, in which residue
412 of hCRM1 was replaced with the corresponding rat resi-
due, as a control. As hrCRM1-based mutants, these corre-
sponding mutants showed reduced abilities to restore
TAgRexM64-inhibited Rex activity, whereas h412 showed the

almost same activity as hCRM1 (Fig. 1B). To further confirm
the importance of these four residues, we investigated whether
overexpression of these CRM1s could directly enhance Rex
activity in rat cells, as these experimental conditions are sim-
pler than the TAgRexM64 system. In agreement with our
previous observations, hCRM1, but not rCRM1, could pro-
mote Rex activity in rat cells. Under similar conditions, all of
the mutants, with the exception of h412, had little effect (Fig.
1C). Western blot analysis showed expression levels similar to
those of the CRM1s (Fig. 1D). These results clearly suggest
that residues 411, 414, 474, and 481 of hCRM1 are critical for
efficient Rex activity.

Next we tested whether these four residues are critical for
the Rex-dependent Gag expression from the HTLV-1 molec-
ular clone, as is the case in the results of the above-described
experiments performed using a reporter plasmid,
pDM128RxRE. As expected, the results indicated the signifi-
cance of the four residues in Gag production (Fig. 1E). We
obtained similar results even when the different amounts of
CRM1 expression plasmids were transfected (data not shown).
These results obviously confirm the findings obtained from the
experiments using pDM128RxRE.

CRM1s with single-residue substitutions have decreased af-
finity for Rex in cells. One possible explanation for the above-
described results is that CRM1s with substitutions at position
411, 414, 474, or 481 might not be able to efficiently interact
with Rex in the cell. To assess this possibility, we fused these
CRM1s with the GAL4 domain for measurement (using two-
hybrid assays) of their binding affinities for Rex-VP. The re-
sults revealed that the mutated CRM1s had a distinctly lower

FIG. 1—Continued.
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affinity for Rex-VP than hCRM1 and h412 (Fig. 2). Western
blot analysis confirmed that all of the GAL-CRM1s were ex-
pressed at similar levels. These results indicated that the four
amino acids at positions 411,414, 474, and 481 are involved in
binding to Rex in cells.

Ability of CRM1s with single-residue substitutions to export
Rex. Next, to investigate the ability of the CRM1s to export
Rex protein, the expression plasmids of CRM1s and Rex with
an HA tag were cotransfected into REF52 cells and an indirect
immunofluorescent assay was performed. Under microscopic
observation, double-positive cells, which express both CRM1
and Rex-HA, were divided into the following two classes in
accordance with localization of the Rex-HA protein. One class
included cells in which Rex-HA is mainly localized in the
nucleus, and the other included cells in which Rex-HA is
mainly localized in the cytoplasm and throughout the cell (Fig.
3). The percentage of classified cells relative to total cells
counted was calculated. In agreement with our previous ob-
servations, without overexpression of CRM1s, Rex-HA was
observed in the nucleus (Fig. 3), whereas hCRM1 or h412
coexpression resulted in dominant cytoplasmic localization of
Rex-HA, reflecting enhanced export. In contrast, cytoplasmic
migration of Rex-HA was significantly reduced when the four
mutant CRM1s were overexpressed, indicating that the levels

of ability of these CRM1s to function as export receptors are
lower than that of hCRM1, which is consistent with the in vivo
binding results (Fig. 2).

The four CRM1s form the complex Rex-CRM1-RanQ69L in
vitro. To examine the binding of CRM1s to Rex-HA in vitro,
the CRM1s and Rex-HA were synthesized with an in vitro
transcription-translation system. Equivalent amounts of all
CRM1s were translated (Fig. 4A; input CRM1s). After the
binding reaction, CRM1 proteins coprecipitated with Rex-HA
in both the absence and presence of GTP-loaded RanQ69L—a
Ran mutant that is resistant to GTP hydrolysis—were exam-
ined by immunoblot analysis. The amount of hCRM1 in the
bound fraction increased when RanQ69L was added, suggest-
ing that this binding was specific (Fig. 4A, lane 2 versus 3;
bound CRM1s). Unexpectedly, in contrast to the in vivo re-
sults, all the CRM1s investigated had affinity for Rex-HA in
the presence of RanQ69L similar to (h411, h414, h474, and
h481) or apparently higher than (h412) that of hCRM1 (Fig. 2
and 4A, lanes 3 to 8). These results suggest that the four
CRM1 mutants possess the ability to efficiently, and specifi-
cally, bind to Rex.

The four CRM1s can form the NES peptide-CRM1-
RanQ69L complex. To determine whether the in vitro binding
capacity of the four mutant CRM1s is a general feature of the
leucine-rich type NES, we used the NES peptide derived from
PKI in place of translated Rex-HA protein in the in vitro
binding assay (Fig. 4B). As seen with the experiment per-
formed using Rex-HA, none of the mutant CRM1s obliterated
the binding to NES peptide immobilized on biotinylated-BSA
avidin-agarose but instead showed affinities similar to or stron-
ger than those of hCRM1 (Fig. 4B, lanes 2, 4, 6, 8, 10, and 12).
In the absence of RanQ69L, precipitated CRM1s were not
detectable or, when any were present (lane 11), were at con-
siderably lower levels than those seen in the sample containing
RanQ69L (lane 12). Collectively, these two in vitro binding
assays indicated that the four residues, which are located in
positions 411, 414, 474, and 481 in hCRM1, are not directly
involved in the formation of the NES-CRM1-RanQ69L ter-
nary complex.

RanBP3 binding to CRM1s. The above-described results,
indicating that the four mutant CRM1s interact with Rex with
lower efficiency than hCRM1 in a two-hybrid assay system (Fig.
2 and 3) although the same CRM1s have a full capacity to bind
to Rex or NES peptide in vitro (Fig. 4), led us to hypothesize
that another cellular factor supports export complex formation
in cells. RanBP3 is a possible candidate for mediating this
putative function, which was evidently perturbed by mutation
of the four critical CRM1 residues. This protein has been
reported to function as a scaffold protein for promotion of the
efficient assembly of the protein export complex (30), and it
stabilizes the interaction between hCRM1 and an export sub-
strate via direct interaction with hCRM1, thereby forming the
RanBP3-RanGTP-hCRM1-NES quaternary complex (10, 26).
Thus, we investigated whether the mutant CRM1s, which ex-
hibited reduced affinity for Rex in vivo, are able to bind to
RanBP3. GST-RanBP3 immobilized on the affinity resin was
incubated with in vitro-translated CRM1s, and the recovered
CRM1s were visualized (Fig. 5A). HCRM1 and h412 were
detected in the bound fraction, but the other CRM1s were not.
These results were completely consistent with the data from

FIG. 2. In vivo interaction of Rex with CRM1 mutants in which one
amino acid is replaced. REF52 cells were transfected with the plasmid
expressing GAL-CRM1s in combination with pRexVP, pG5BCAT,
and pCDM�-gal. The cells were harvested and subjected to CAT and
�-Gal assays, and CAT/�-Gal ratios were calculated. The ratio for the
control sample, which detected the interaction between GAL-hCRM1
and Rex-VP, was arbitrarily set at 1. The amount of CAT and �-Gal
activity in control samples were over 400 pg and 3.0 � 10�3 U, respec-
tively. GAL4 nonfusion protein, expressing only a GAL4 region, was
used as a negative control. A fraction of each sample was subjected to
Western blot analysis using the anti-GAL4 monoclonal antibody to
examine GAL-CRM1 expression.
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the two-hybrid assay (Fig. 2), implying that positions 411, 414,
474, and 481 of hCRM1 are required for the binding to
RanBP3 and that the reduced cellular affinities of the four
mutant CRM1s for Rex result from poor binding between
CRM1 proteins and RanBP3.

RanBP3 has been demonstrated to bind hCRM1 and to
enhance the interaction of hCRM1 with NES peptide and
RanGTP at optimal concentrations (10). Thus, we added var-
ious amounts of RanBP3 to the in vitro binding reaction to
examine the effect of the presence of RanBP3 on the affinity of
CRM1s for the NES peptide derived from PKI, with the reac-
tion being performed in the presence of RanQ69L (Fig. 5B).

Addition of RanBP3 at 0.9 �M promoted the interaction be-
tween NES and hCRM1 in the presence of RanQ69L (lane 4).
However, RanBP3 did not enhance the interaction of h414-
NES-RanQ69L at any concentration (lane 6 to 8), confirming
that this mutant CRM1 could not bind to RanBP3. Similar
results were obtained using other mutants (h411, h474, and
h481) (data not shown).

A mutant, h411/414, can bind to both RanBP3 and Rex. To
further analyze the importance of residues 411, 414, 474, and
481 of hCRM1, we expressed mutant CRM1s with two rat-type
amino acids among these four residues in hCRM1 as GAL4-
fused proteins and examined (using two-hybrid assays) their

FIG. 3. The subcellular localization of Rex in the presence of overexpressed CRM1s. REF52 cells were transfected with 0.1 �g of pSR�Rex-HA
along with 0.3 �g of pSR�CRM1s or pSR�296. The subcellular localizations of Rex-HA and CRM1s were visualized with Cy3- and FITC-
conjugated antibodies. Subcellular localization pattern of Rex-HA in the Cy3 and FITC double-positive cells were divided into two classes. The
cells in which Rex-HA was mainly localized to the nucleus are designated N. The cells which contained Rex-HA throughout the cell or mainly in
the cytoplasm are designated C. More than 100 cells were counted, and the percentages of cells in each class relative to the total cell count (double
positive) were calculated. Three independent experiments were performed, and similar results were obtained.
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ability to bind to Rex-VP (Fig. 6A). One mutant, h411/414, in
which aa 411 and 414 of hCRM1 were substituted for rat
residues, exhibited binding similar to that of hCRM1. Western
blot analysis confirmed that all of these CRM1s were expressed
at a high level.

Next, we investigated whether h411/414 could bind to
RanBP3 in vitro in a manner similar to that of hCRM1. As
shown in Fig. 6B, this mutant had the ability to bind to
RanBP3. None of CRM1s were precipitated by a GST tag
alone. Taken together, these results suggest that efficient bind-
ing of h411/414 to RanBP3 results in high affinity of this mu-
tant for Rex in cells, as was observed for hCRM1 and h412.

Residues at 411 and 414 of hCRM1 are required for Rex
multimerization. Since a mutant, h411/414, could bind effi-
ciently to Rex in vivo, we next examined the ability of this
mutant to support Rex multimerization. For this purpose we
employed RexM64, which is not functional in the Rex-medi-

ated mRNA export pathway, because it cannot multimerize.
We have previously reported that when hCRM1 is overex-
pressed, the ability of RexM64 to multimerize is restored and,
therefore, that it can function like a wild-type Rex (17). This
provided evidence that hCRM1 can support Rex multimeriza-
tion (Fig. 7A). In contrast, rCRM1 did not restore the activity
of RexM64, implying that rCRM1 cannot support multimer-
ization (Fig. 7A). Thus, by measuring the restoration of
RexM64 activity when a CRM1 of interest was overexpressed,
we were able to determine whether its CRM1 can support
multimerization. When h411/414 was overexpressed RexM64
activity was not restored, suggesting that in similarity to an
rCRM1 mutant, h411/414 cannot support the multimerization
event (Fig. 7A). This was in agreement with the observation
that h411/414 cannot enhance wild-type Rex activity in rat cells
(Fig. 7B). These results indicate that residues 411 and 414 of
hCRM1 are important for Rex multimerization. To confirm

FIG. 4. In vitro binding of CRM1s to Rex or NES peptide in the presence of RanQ69L. (A) Binding to Rex. CRM1 and Rex-HA were
incubated in the absence or presence of GTP-charged RanQ69L protein for 30 min at 30°C. A portion of these samples was added to sample buffer
and used as an input fraction (Input), and the remaining portion was further incubated with anti-HA monoclonal antibody bound to protein
G-Sepharose The precipitated proteins were dissolved in sample buffer and subjected to Western blot analysis using anti-hCRM1 antibody (Bound
CRM1s). (B) Binding to NES peptide. In vitro-translated CRM1s, a portion of which was used as an input fraction (Input), were incubated with
NES peptide (which had been chemically conjugated to biotinylated BSA and immobilized on avidin-agarose) in the absence or presence of
GTP-charged RanQ69L. After incubation, the precipitated proteins were dissolved in sample buffer (Bound CRM1s). The amount of translated
CRM1s subjected to binding assays was 12.5 times that of the input fraction.

FIG. 5. Affinity of CRM1s for RanBP3. (A) In vitro binding of CRM1s to RanBP3. In vitro-translated CRM1s, a portion of which was used
as an input fraction (Input), were incubated with GST or GST-RanBP3 immobilized on glutathione-Sepharose 4B. After incubation, the
precipitated proteins were subjected to Western blot analysis. The amount of translated CRM1s subjected to the binding assay was 10 times that
of the input fraction (CRM1s bound to RanBP3). (B) Effect of RanBP3 on NES-RanQ69L-CRM1 ternary complex formation. In vitro-translated
hCRM1 (lanes 1 to 4) or h414 (lanes 5 to 8), RanQ69L, and RanBP3 were added to biotinylated BSA (bBSA)-NES peptide immobilized on
avidin-agarose as indicated. After incubation, the precipitated proteins were dissolved in sample buffer.

8758 HAKATA ET AL. MOL. CELL. BIOL.



this hypothesis, we expressed r411/414 (which has human-type
residues only at positions 411 and 414 in rCRM1) along with
RexM64 (Fig. 7A). As expected, r411/414 restored RexM64
activity, suggesting that it can support Rex multimerization and

promote Rex activity in rat cells (Fig. 7B). These results clearly
demonstrated that these two amino acids in hCRM1 are crit-
ical for Rex multimerization. We also observed that r411/414/
474/481, in which residues 411, 414, 474, and 481 of rCRM1 are

FIG. 6. Binding characterization of two amino acid-substituted CRM1s. (A) In vivo interaction of CRM1s with Rex. REF52 cells were treated
as described for Fig. 2 except for the plasmids that expressed two amino acid-substituted CRM1s as a GAL4 fusion protein. A portion of each
sample was subjected to Western blot analysis to confirm GAL-CRM1 expression. (B) In vitro binding of h411/414 to RanBP3. As shown in Fig.
5A, in vitro-translated CRM1s were incubated with GST or GST-RanBP3 immobilized on glutathione-Sepharose 4B.

FIG. 7. Identification of two amino acids in hCRM1 that support Rex multimerization. (A) Restoration of the activity of RexM64 by CRM1
overexpression. HeLa cells were transfected with the indicated plasmids (0.5 �g of pDM128RxRE, 0.05 �g of pSR�RexM64, and 0.3 �g of
pSR�CRM1s). All samples were also transfected with 0.1 �g of pCDM�-gal. At 24 h posttransfection, the CAT/�-Gal ratios were calculated. The
ratio for the sample without pSR�CRM1s was arbitrarily set at 1. (B) Restoration of Rex activity by overexpression of r411/414. This was done
using the methods described for Fig. 1C.
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changed to human-type residues, can fully support Rex mul-
timerization and activity (Fig. 7). We summarized the results
obtained from this study in Table 1.

DISCUSSION

One notable difference between the export of viral RNA and
the export of protein is the requirement for multimerization of
adaptor proteins, which bridge target RNAs and CRM1.
hCRM1 has been shown to function dually as a promoter of
multimerization and as an export receptor in Rex-mediated
viral RNA export processes (17). Using a series of CRM1
mutants whose amino acids were interchanged between
hCRM1 and rCRM1, we here identified two amino acids (res-
idues 411 and 414 of hCRM1) that are crucial for Rex mul-
timerization. These results strongly suggest that the function of
hCRM1 in multimerization is independent of its function as an
export receptor, since these two amino acids are located in a
different region from the domain for direct binding to NES (2,
33), and that h411/414, which has a full capacity for binding to
Rex, does not support Rex multimerization. Thus, to export
viral RNA, binding of CRM1 to the NES of the adaptor pro-
teins is necessary, but not sufficient, and higher-ordered inter-
actions between Rex and CRM1 may be required. It is unlikely
that the conformation of CRM1 is grossly disturbed by ex-
changing these two amino acids, since h411/414 has the capac-
ity for binding RanBP3 and Rex to mediate Rex export. These
observations suggest that CRM1 may directly participate in the
process whereby the export complex is formed on nascent
RNA. This notion is consistent with a previous report that Rev
can export only nascent viral RNA in nature (22). Now, a
couple of papers have reported the involvement of CRM1 in
cellular mRNA export. For example, c-fos mRNA, which is
devoid of introns, harbors the AUUUA sequence, which re-
cruits HuR as an adaptor that can bind to pp32 and APRIL,
which contain the NES recognized by CRM1 (15). NXF3,
which is related to TAP, the mRNA export factor, and is
strongly predicted to act in a certain poly(A)� RNA export
process, has also been reported to interact with CRM1 (39).
Since multimerization may, therefore, be a general feature of
RNA-binding proteins (including, for example, several
hnRNPs) that are involved in RNA metabolism, it was of

interest to investigate whether CRM1 participates in the for-
mation of the export complex of cellular RNAs.

Four CRM1 mutants (in which residue 411, 414, 474, or 481
in the hCRM1 backbone was replaced with the corresponding
rat residue) had considerably lower affinity for Rex than
hCRM1, as shown by two-hybrid assay (Fig. 2) and immuno-
fluorescence analysis (Fig. 3). Initially, these results appeared
to be inconsistent with the observation that the same mutants
can bind to Rex or NES peptide as efficiently as wild-type
hCRM1 in the presence of RanQ69L in vitro (Fig. 4). How-
ever, this might be explained by the fact that these mutants had
lost their ability to bind to RanBP3 (Fig. 5A) and therefore
were unable to utilize it as a scaffold protein. Thus, the mutant
CRM1s may not be actively recruited to the sites where ex-
change of guanine nucleotides in Ran occurs, resulting in in-
efficient formation of a trimeric complex comprising CRM1,
Rex, and RanGTP in vivo. Moreover, the presence of RanBP3,
which stabilizes the hCRM1-Rex-RanGTP complex, may also
contribute to the enhanced interaction of hCRM1 with Rex in
the nucleus. In contrast, concentration of the components for
ternary complex formation, without supplementation of re-
combinant RanBP3, may be sufficiently prominent in an in
vitro reaction to hide any difference in the levels of efficiency of
complex formation with various CRM1s. This hypothesis was
supported by the observation that supplementation of recom-
binant RanBP3 enhanced the complex formation with wild-
type hCRM1 but not with the mutant CRM1s. Taken together,
these results suggest that the four residues at positions 411,
414, 474, and 481 in hCRM1 are not involved in direct binding
of hCRM1 to either RanGTP or NES. Instead, the four resi-
dues are crucial for the binding of hCRM1 to RanBP3. The
fact that these CRM1 mutants with defects in RanBP3 binding
(which eliminated their ability to efficiently bind to NES in
cells) consequently do not support Rex function provides in
vivo evidence for a critical role of RanBP3 in efficient export
complex formation.

Point mutants h411 and h414, which have a single rat-type
amino acid in the hCRM1 backbone at the indicated residues,
could not bind to RanBP3, whereas h411/414, in which both
the 411 and 414 residues were replaced with rat-type amino
acids, could bind. Thus, it is conceivable that the amino acids
at positions 411 and 414 in CRM1 are functionally involved in
forming a binding site for RanBP3, although the direct binding
of these residues to RanBP3 remains to be proven biochemi-
cally. This hypothesis is also supported by the contrasting ob-
servations that r411/414 (in which both of the indicated resi-
dues in rCRM1 backbone are human type) could support Rex
activity, suggesting its binding to RanBP3, but that r411 and
r414 could not support Rex activity (Fig. 7B and data not
shown). Although species-specific functional linking of resi-
dues 411 and 414 is necessary for binding to RanBP3, this
combination is not enough, since h474 and h481 cannot bind to
RanBP3 although both of their position 411 and 414 residues
are human type. Taken together, these results indicate that
both the aa 411 and 414 pair and the aa 474 and 481 pair are
likely to be important for RanBP3 binding. Moreover, the
significance of the aa 474 and 481 pair in CRM1 function is
further supported by the finding that overexpression of r411/
414/474/481 restored RexM64 multimerization and Rex activ-
ity more prominently than overexpression of r411/414 (Fig. 7).

TABLE 1. The characteristics of CRM1s used in this study

CRM1
Support
of Rex
activity

Affinity
for Rex
in cells

Affinity
for

RanBP3

Affinity for
Rex and

NES
peptide in

vitro

Support of Rex
multimerization

hCRM1 � � � � �
rCRM1 � � �a �b

h411 � � � �
h412 � � � �
h414 � � � �
h474 � � � �
h481 � � � �
h411/414 � � � �
r411/414 � �a �
r411/414/474/481 � �a �

a Unpublished data.
b Our previously published data (18).
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In this paper, we identified a novel functional domain which
is involved in binding of hCRM1 to RanBP3 and is crucial for
Rex multimerization. Although the residues that promote the
dual functions of this domain overlap, these functions are
distinct and separable. Moreover, while we have identified
amino acids that are critical for these functions, we do not
exclude the possibility that other regions of CRM1 are also
implicated in RanBP3 binding and/or Rex multimerization
through interaction with these amino acids. Our findings
should be useful in concert with X-ray crystallography for mod-
eling the ternary structure of CRM1. Moreover, our results
clearly indicate that the process of viral RNA export from the
nucleus is (at least) one determinant that restricts HTLV-1
replication in rats.
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