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We investigated the role of human CRM1 (hCRM1) (exportin 1) in the function of Rex protein encoded by
human T-cell leukemia virus type 1. hCRM1 promoted the export of Rex protein from the nucleus to the
cytoplasm. A Rex protein with a mutation in the activation domain, RexM90, lost both the ability to bind to
hCRM1 and the ability to multimerize. The overexpression of hCRM1 complemented the functional defects of
RexM64, which contains a mutation in the multimerization domain of Rex. A dominant-negative mutant of Rex
which sequesters cofactors of Rex abrogated multimerization as well as the activity of the wild-type Rex protein.
These two functions were simultaneously restored by the overexpression of hCRM1. Taken together, these
results suggest that hCRM1 plays important roles in the multimerization and export of Rex protein.

The Rex protein of human T-cell leukemia virus type 1 acts
posttranscriptionally to induce the cytoplasmic expression of
incompletely spliced or unspliced mRNAs encoding viral struc-
tural proteins (16, 18, 34). Although the exact mechanism of
action of Rex has not been elucidated, it is generally accepted
that Rex shuttles between the nucleus and the cytoplasm (4,
20) in a process that involves the binding of Rex to specific
regions of viral RNAs and their subsequent escort into the
cytoplasm (1, 3, 14, 15, 32). Rex acts through cis-acting ele-
ments, referred to as Rex response elements (RXRE), within
the 39 long terminal repeat of human T-cell leukemia virus type
1 (32). Direct interaction between Rex and RXRE has been
shown by various in vitro binding assays, and this interaction
has turned out to be essential for their in vivo activity (1, 3, 14,
15). A discrete region in the amino terminus of the Rex protein
which is rich in basic amino acids has been shown to mediate
binding to RXRE (1, 3, 14). This region also works as a nuclear
and nucleolar targeting signal (NLS) (33). A second essential
region, in the carboxy-terminal portion of the Rex protein,
contains a leucine-rich activation domain which was shown to
function as a nuclear export signal (NES) by binding to cellular
cofactors (4, 20). Human immunodeficiency virus (HIV) type 1
contains the regulatory protein Rev, which is functionally
equivalent to Rex (7, 8). Rev possesses two functional domains
comparable to those of Rex (6, 24–27, 41, 43).

Mutational analysis of Rev and Rex revealed a third domain
responsible for the multimerization of these transactivator pro-
teins (2, 26). Multimerization is generally agreed to be critical
for Rev and Rex function (26). Although there has been some
inconsistency in the mapping of the domain(s) involved in
multimerization, all studies have revealed the importance of
the N-terminal region of the Rev protein, comprising ty-
rosine23, serine25, and asparagine26 (2, 26, 37). The domain
containing amino acids near positions 60 to 70 of the Rex
protein has been shown to functionally replace the amino-
terminal region of the Rev protein (42). Interestingly, cellular
cofactors have been proposed to be involved in multimeriza-

tion on the basis of the failure of Rev activation domain mu-
tants to oligomerize in two kinds of two-hybrid assays in mam-
malian cells (2, 23). However, the involvement of the activation
domain of Rev in multimerization was contraindicated by ob-
servations showing the mislocalization of wild-type Rev when
coexpressed with the activation domain mutants, a result that
suggested that heterooligomers had been formed (17, 36, 37).
However, the involvement of the Rex activation domain in
multimerization has not been extensively studied. To further
pursue this subject, it seems necessary to examine the nature of
the cellular cofactor(s) directly.

Recently, human CRM1 (hCRM1) (exportin 1) was found to
be a receptor for various NES sequences, including the activation
domain of Rev. hCRM1 belongs to the importin b family, the
members of which act as carriers to transport proteins between
the cytoplasm and the nucleus (11, 13, 22, 28, 29, 35, 39). Re-
cently, hCRM1 was shown to form a complex with NES and
GTP-loaded Ran, the predominant form found in the nucleus,
but not with NES in the presence of GDP-loaded Ran, the pre-
dominant form found in the cytoplasm (11). Although these stud-
ies clearly indicated that hCRM1 is a major cofactor functioning
in the export of Rev, they were done with experimental model
systems, such as yeast cells (13, 22, 28, 35), amphibian oocytes (11,
13), and artificially constructed reporter proteins containing both
NLS and NES (29). Thus, only a few of the functions carried out
by hCRM1 have been adequately addressed.

Dominant-negative (DN) mutants, which inhibit the function
of coexpressed wild-type Rev and Rex, have been very useful for
investigating the molecular mechanisms underlying Rev and Rex
function (2, 19, 24, 27, 40). For example, the RevM10 mutant
protein, a prototype of a DN mutant, provided an important clue
in the identification of the activation domain (24, 40). More re-
cently, TAgRex, which has the NLS of simian virus 40 T antigen
in place of the normal RNA binding domain of the Rex protein,
was constructed (19). Since TAgRex inhibits Rev and Rex func-
tion by sequestering a cellular cofactor(s), it can be used to classify
the routes by which various mRNAs and proteins are exported
from the nucleus to the cytoplasm (10, 19, 21, 30, 31). TAgRex
may also supply a means to approve cellular cofactors of Rex, as
such factors would be expected to abrogate the DN effect of
TagRex.
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The present study was conducted to investigate the roles of
hCRM1 in Rex function by use of TAgRex in human cells. We
show that hCRM1 is involved in both the export and the
multimerization of the Rex protein.

MATERIALS AND METHODS

Plasmid construction. To construct pSRahCRM1, the hCRM1 gene containing
the entire coding region was amplified from a human placental cDNA library
(Clontech Co. Ltd.) by the PCR technique with primers 59-GTTCAATCTCTGGT
AATCTATGCCAGC-39 (CRMF1) and 59-CCCAGCCACAAAAATGGGCATG
AAG-39 (CRMR1). The PCR product was gel purified and used as a template for
a second PCR with primers 59-AACGGTACCCGCACTAGTCACACATTTCTT
CTGGAATCTCATGTGGAT-39 and CRMF1. The second PCR product was blunt
ended by Pfu polymerase treatment, digested with KpnI, and cloned into pSRa296
(38) which had been digested with PstI, blunt ended with Pfu polymerase, and then
digested with KpnI. The resultant plasmid was named pSRahCRM1. The integrity
of the plasmid sequence was ascertained by sequencing according to the manufac-
turer’s instructions (Applied Biosystem Co. Ltd.).

To generate pGAL-CRM1, the coding sequence of the CRM1 gene was
amplified by PCR with the primer pair 59-GGAAGATCTTTCAATCTCTGGT
TATCTATGCCAGC-39 and CRM2 and with the first PCR product described
above as a template. The PCR product was treated with Pfu polymerase, digested
with BglII, and cloned in frame downstream of the GAL4 DNA binding domain
sequence in pSGGALVP (12), which had been digested with BamHI, blunt
ended, and then digested with BglII. To make pGAL4, pSGGALVP was digested
with BglII and BamHI and then self-ligated. To construct pSRaRexM64, a
500-bp fragment generated by the digestion of pSRaRex with NcoI/AvrII and a
fragment encoding the C-terminal region of Rex derived from pSRaTAgRexM64
by digestion with NcoI/EcoRI were ligated with pSRa296 that had been linear-
ized with AvrII/EcoRI. Plasmid pSRaRexM90 was constructed in the same way,
except that pSRaTAgRexM90 was used as the source of the fragment encoding
the C-terminal region of Rex. In this way, pSRaRexM64 carried a protein
containing amino acid substitutions of Asp and Leu for Tyr-64 and Trp-65,
respectively, and pSRaRexM90 carried a protein containing single Gly substitu-
tions for Leu-90, Ser-91, Leu-92, and Asp-93.

pSRaRex, pSRaTAgRexM64, pSRaTAgRexM90, pSRaTAgRexM6490,
pCDM-b-gal, pGAL-Rex, pRex-VP, pGAL-RexM64, pRexM64-VP, pGAL-
RexM90, pRexM90-VP, and pTU50RXE were described previously (19, 21).

Cell culture and transfection. HeLa cells were maintained in RPMI medium
supplemented with 10% fetal calf serum in a 5% CO2 atmosphere at 37°C.
Plasmid DNA was transfected with DOTAP (Boehringer Mannheim Co. Ltd.)
according to the manufacturer’s instructions. In order to normalize for variations
in transfection efficiency and nonspecific effects of various treatments, 0.1 mg of
pCDM-b-gal was included in all samples and the total amount of DNA was kept
constant by adding pSRa296.

In vivo assay of protein-protein interactions. The two-hybrid system was used
to analyze protein-protein interactions in mammalian cells (12). HeLa cells were
cotransfected with 0.2 mg of the plasmid that expresses the GAL fusion protein,
0.2 mg of the plasmid that expresses the VP16 fusion protein, 0.6 mg of
pG5BCAT as a reporter, and 0.1 mg of pCDM-b-gal. Twenty-four hours after
transfection, the cells were harvested, the amount of chloramphenicol acetyl-
transferase (CAT) and the activity of b-galactosidase were quantified with a CAT
enzyme-linked immunosorbent assay (ELISA) kit (Boehringer) and standard
colorimetric methods, respectively, and the ratio of CAT to b-galactosidase was
calculated.

Env ELISA. HeLa cells were transfected with various amounts of pSRaRex or
with a pSRaRex mutant along with 0.5 mg of pTU50RXRE as a reporter
plasmid; the latter expresses the HIV type 1 Env protein in the presence of a
functional Rex protein. The Env protein was mutated to remove the transmem-
brane domain and was secreted into the medium (21). Forty-eight hours after
transfection, the culture medium of each sample was transferred to a microcen-
trifugation tube and centrifuged at a low speed. The cells remaining on the
bottom of a six-well plate were lysed with the lysis buffer contained in the CAT
ELISA kit. One-fifth of the supernatant was added to a 96-well plate which had
been coated with anti-Env monoclonal antibody 0.5 b, and the plate was incu-
bated at 37°C for 1 h. The plate was washed five times with the washing buffer
contained in the CAT ELISA kit. Human anti-HIV antisera diluted 100-fold
were added to the wells of the plate, and the plate was incubated. Finally,
peroxidase-conjugated anti-human immunoglobulin G antibody was added. The
cell lysates were used to measure b-galactosidase activity, and the ratio of Env to
b-galactosidase was calculated.

Immunofluorescence. HeLa cells were transfected with pSRaRex,
pSRaRexM64, of pSRaRexM90 in the presence or absence of pSRahCRM1.
Twenty-four h after transfection, the cells were fixed and incubated with rabbit
anti-Rex C terminus antibody, and the immunocomplexes were stained with
fluorescein isothiocyanate-conjugated goat anti-rabbit immunoglobulin G anti-
body as previously described (19).

Western blotting. HeLa cells were transfected with 0.2 mg of each plasmid
DNA. Forty-eight hours later, the cells were lysed, and the extracted proteins
were separated on 10% polyacrylamide gels. The proteins were then transferred

to a nitrocellulose filter and incubated with rabbit anti-Rex C terminus-antibody
followed by alkaline phosphatase-conjugated goat anti-rabbit immunoglobulin G
antibody (19).

RESULTS

Promotion of nuclear export of the Rex protein by hCRM1.
In order to study whether hCRM1 is involved in the nuclear
export of the Rex protein, the effect of overexpression of
hCRM1 on the localization of the Rex protein was examined
by immunofluorescence microscopy. We analyzed not only
wild-type Rex but also RexM64, which has a mutation in the
multimerization domain, and RexM90, which has a mutation in
the activation domain (19). All of these Rex-related proteins
were found to be predominantly located in the nucleus and
were especially concentrated in the nucleolus, confirming pre-
vious reports (33). However, when hCRM1 was overexpressed
by transfection, Rex and RexM64 tended to be localized in the
cytoplasm, whereas the location of RexM90 was not affected
(Fig. 1). Quantitative evaluation confirmed the above observa-
tions, but we noticed that hCRM1 enhanced the cytoplasmic
localization of wild-type Rex more efficiently than RexM64
(Table 1). This finding may be attributable to the slightly re-
duced affinity of RexM64 compared to wild-type Rex for
hCRM1 (see Fig. 3) or the adverse effect of the mutation in the
multimerization domain. These results indicate that the intact
activation domain of Rex is required for hCRM1 to localize
Rex to the cytoplasm. The results are also consistent with
previous reports showing that hCRM1 exports various proteins
possessing an NES sequence (11, 13, 22, 28, 29, 35, 39).

Abrogation of the DN effect of TAgRex by hCRM1. In pre-
vious studies, we showed that TAgRex inhibits Rex function by
sequestering cellular cofactors and that the intact activation
domain of TAgRex is responsible for this inhibition (19, 21).
This system may be used to identify cellular cofactors that are
involved in the functioning of Rex through its activation do-
main, since overexpression of these cofactors would be ex-
pected to abrogate the DN effect of TAgRex (19). To explore

FIG. 1. Subcellular localization of wild-type and mutant Rex proteins. At
24 h after transfection, cells transfected with 0.1 mg of pSRaRex (A and D),
pSRaRexM64 (B and E), or pSRaRexM90 (C and F) in combination with 0.5 mg
of pSRahCRM1 (D, E, and F) or 0.5 mg of pSRa296 instead of pSRahCRM1 in
order to adjust the total amounts of the plasmids (A, B, and C) were subjected
to immunofluorescence microscopy. Magnification, 31,720.
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the role of hCRM1 in Rex function, we used this approach with
some modifications, including the use of pTU50RXRE as a
reporter plasmid and TAgRexM64 as an inhibitor. These mod-
ifications allowed quantification of the amount of Env protein
produced as a result of the action of Rex and straightforward
interpretation, since TAgRexM64 does not form hetero-oli-
gomers with Rex (21). We reproduced our previous results
(19, 21), showing that TAgRexM64 interferes with Rex func-
tion efficiently: transfection of 0.1, 0.2, and 0.3 mg of
pSRaTAgRexM64 reduced the production of Env protein to
37, ,1, and ,1%, respectively, that normally observed in the
absence of TAgRexM64 (data not shown). Next, we examined
the effect of the overexpression of hCRM1 on Rex function in
the presence of TAgRexM64 (Fig. 2). Rex-dependent produc-
tion of Env protein was restored by the overexpression of
hCRM1 in a dose-dependent manner. Notably, the transfec-

tion of 0.5 mg of pSRahCRM1 achieved full restoration of Env
production. On the other hand, the overexpression of hCRM1
in the absence of TAgRexM64 did not affect Rex function
significantly, probably because the amount of intrinsic hCRM1
was sufficient to support Rex function. These results suggest
that hCRM1 is a major cofactor involved in Rex function.

Interaction of hCRM1 with Rex proteins. To obtain evi-
dence for an interaction between Rex and hCRM1, two-hybrid
analysis was performed with HeLa cells. In the two-hybrid
experiments, we prepared cell lysates 24 h after transfection to
prevent the overaccumulation of RexM90 in the nucleus. This
step we hoped would reduce the deleterious effects of RexM90
overexpression on cell functions, which are due to the export
defect of RexM90, which lacks an intact NES. Indeed, earlier
preparation of the samples ensured more reproducible results
than did preparation 48 h after transfection (data not shown)
(2, 19). As shown in Fig. 3, wild-type Rex and RexM64 inter-
acted similarly with hCRM1. In contrast, RexM90 had a
greatly reduced affinity for hCRM1, suggesting that the intact
activation domain of Rex is required for efficient interaction
with hCRM1. Since it was difficult to produce a large amount
of hCRM1 protein in Escherichia coli because of its instability,
we could not analyze the direct interaction of Rex and hCRM1
in an in vitro protein-protein interaction assay.

Rex mutants fail to multimerize. Although the above results
are consistent with reports describing hCRM1 as an NES re-
ceptor (11, 13, 22, 28, 29, 35, 39), the residual ability of
RexM90 (approximately 20% that of wild-type Rex) to interact
with hCRM1 was unexpected. Thus, we examined whether
RexM90 retained the residual activity to produce Env protein
compared to wild-type Rex and RexM64, since quantitative
analysis was possible with pTU50RXRE as a reporter. As
shown in Fig. 4, RexM90 showed very low activity (approxi-
mately 3% that of wild-type Rex at most) and RexM64 had
virtually no activity at all.

The low activity of RexM90 appeared to be inconsistent with
its ability to interact with hCRM1. In order to explore the
cause of the low activity of RexM90, we reanalyzed the capac-
ity of Rex-related proteins to multimerize. As depicted in Fig.

FIG. 2. Overexpression of hCRM1 restores Rex activity inhibited by
TAgRexM64. HeLa cells were transfected with 0.05 mg of pSRaRex, 0.5 mg of
pTU50RXRE as a reporter plasmid, and various amounts of pSRahCRM1 with
(F) or without (■) 0.2 mg of pSRaTAgRexM64. pCDM-b-gal (0.1 mg) was
included in all samples as an internal control. At 48 h after transfection, the cells
were harvested, the amount of Env and the activity of b-galactosidase were
quantified, and the ratios of Env to b-galactosidase were calculated. The ratio of
the amounts of Env and b-galactosidase obtained in the sample in which
TAgRexM64 and pSRahCRM1 were omitted was arbitrarily set at 1.

FIG. 3. Interaction of hCRM1 with Rex, RexM64, and RexM90 in the nuclei of
mammalian cells. A mammalian version of the two-hybrid assay with transient
expression by transfection into HeLa cells was performed. The hCRM1 protein was
expressed as a GAL4 fusion, and the other proteins were expressed as VP16 fusions.
pCDM-b-gal (0.1 mg) was included in all samples as an internal control. At 24 h after
transfection, the cells were harvested, and the amount of CAT and the activity of
b-galactosidase were quantified. The amount of CAT and the activity of b-galacto-
sidase obtained after transfection of Rex-VP and GAL-hCRM1 were 370 pg and
2.5 3 1023 U, respectively, and the ratio (CAT/b-galactosidase) was arbitrarily set at
1. GAL4 represents the plasmid expressing only the GAL4 region.

TABLE 1. Subcellular localization of Rex, RexM64, and RexM90
with or without overexpression of hCRM1a

Protein hCRM1
(mg)

% Localization in:

Nucleus and nucleolus Cytoplasm

Rex 0 100 0
0.3 33 67
0.5 15 85

RexM64 0 100 0
0.3 41 59
0.5 37 63

RexM90 0 100 0
0.3 100 0
0.5 100 0

a Cells stained as described in the legend to Fig. 1. were counted, and the
percentages of stained nucleus and nucleolus or cytoplasm were calculated. At
least 100 cells were counted. These assays were independently done twice, and
essentially the same results were obtained.
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5, only the combination of GAL-Rex with Rex-VP showed
significant multimerization. No other combination, including
Rex-RexM64, RexM64-RexM64, Rex-RexM90, and RexM90-
RexM90, resulted in the formation of hetero- or homo-oli-
gomers. It was ascertained by Western blotting that all of the
fusion proteins were correctly synthesized and were present in
a stable form in the transfected cells (Fig. 6). These results are
in accord with the results reported by Bogerd and Greene (2).
Thus, the multimerization defect of RexM90 may account for
its very weak capacity to induce Env production.

Restoration of Rex multimerization by the overexpression of
hCRM1. The above results raise the possibility that a cofactor
may be involved in the multimerization of the Rex protein. If
so, the activity of RexM64, which has a mutation in the mul-
timerization domain, may be complemented by the overexpres-
sion of hCRM1. We tested this possibility by cotransfecting
pSRahCRM1 along with a wild-type Rex- or mutant Rex-

expressing plasmid. As shown in Table 2, the overexpression of
hCRM1 restored the activity of RexM64 up to one third that of
wild-type Rex in a dose-dependent manner, whereas it had a
little effect on RexM90. These results are consistent with the
observation that RexM64 can associate with hCRM1 more
efficiently than RexM90 (Fig. 3).

We examined the ability of wild-type and mutant Rex pro-
teins to multimerize under conditions of hCRM1 overexpres-
sion (Table 3). The overexpression of hCRM1 allowed
RexM64 to multimerize, albeit at a level that was still ineffi-
cient compared to that of wild-type Rex. In contrast, it did not
affect the ability of RexM90 to multimerize. The simultaneous
restoration of RexM64 activity and multimerization by overex-
pression of hCRM1 supports the hypothesis that hCRM1 is
involved in the multimerization of the Rex protein and that
this process is a prerequisite for its biological activity.

Effect of a DN mutant and hCRM1 on the multimerization
of wild-type Rex. If hCRM1 is involved in the multimerization
not only of mutant Rex but also of wild-type Rex, it is conceiv-
able that TAgRexM64 may abrogate the multimerization of
wild-type Rex in spite of the inability of RexM64 and Rex to
form hetero-oligomers (Fig. 5). We tested this possibility by
cotransfecting pSRaTAgRexM64 in the two-hybrid assay. As a
negative control, we used TAgRexM6490, which lacks both
intact multimerization and intact activation domains (19). Fig-
ure 7 shows that the multimerization of Rex was severely
inhibited by the coexpression of TAgRexM64, in contrast to
the marginal effect of TAgRexM6490. These results suggest
that overexpression of the intact activation domain may be
required for the inhibition of multimerization, implying an
involvement of hCRM1 in multimerization.

Next, we examined whether or not the overexpression of
hCRM1 suppresses the inhibitory effect of TAgRexM64 on mul-
timerization. As shown in Fig. 8, the extent of multimerization of
Rex gradually increased with the amount of pSRahCRM1 co-
transfected into cells. These results suggest that hCRM1 may be
required for the multimerization of wild-type Rex protein.

FIG. 4. Activities of Rex, RexM64, and RexM90. Cells were transfected with
0.5 mg of pTU50RXRE and increasing quantities of pSRaRex (F),
pSRaRexM64 (■), or pSRaRexM90 (Œ). The culture medium was harvested at
48 h posttransfection, the amount of Env protein produced was assayed, and the
cell lysates were used for the quantification of b-galactosidase expression levels.
The Env/b-galactosidase ratio for each sample was divided by that for the sample
without Rex and expressed as fold activation.

FIG. 5. Analysis of in vivo multimerization of the wild-type and mutant Rex
proteins. HeLa cells were cotransfected with the expression plasmids for GAL
and VP16 fusion proteins as indicated. The cells were harvested 24 h after
transfection, and the amount of CAT and the activity of b-galactosidase were
quantified. The amount of CAT and the activity of b-galactosidase resulting from
the coexpression of GAL-Rex and Rex-VP were 270 pg and 4.8 3 1023 U,
respectively, and the ratio was assigned a value of 1.

FIG. 6. Western blot analysis of GAL-Rex and Rex-VP fusion protein ex-
pression in HeLa cells. The results for the control (lane 1) and for RexM90-VP
(lane 2), RexM64-VP (lane 3), Rex-VP (lane 4), GAL-RexM90 (lane 5), GAL-
RexM64 (lane 6), and GAL-Rex (lane 7) are shown.

TABLE 2. Restoration of the activity of RexM64 by
overexpression of hCRM1a

Protein

Env/b-galactosidase ratio with the following amt (mg)
of pSRahCRM1:

0 0.1 0.3 0.5

Rex 1 0.94 0.72 0.60
RexM64 ,0.01 0.19 0.33 0.32
RexM90 0.01 0.04 0.06 0.06

a HeLa cells were transfected with 0.05 mg of pSRaRex, pSRaRexM64, or
pSRaRexM90, 0.5 mg of pTU50RXRE as a reporter plasmid, and various
amounts of pSRahCRM1. The ratio of the amounts of Env and b-galactosidase
obtained with transfection of pSRaRex without pSRaCRM1 was arbitrarily set
at 1. pSRaRex increased the Env/b-galactosidase ratio to 44 times that in the
sample without pSRaRex.
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DISCUSSION

In this paper we describe two roles for hCRM1 in Rex function.
First, hCRM1 facilitates the export of the Rex protein from the
nucleus to the cytoplasm, since the overexpression of hCRM1
localized the Rex protein to the cytoplasm. This effect required
the intact activation domain of the Rex protein, since RexM90,
which has a mutation in the activation domain, remained in the
nucleus. Also, the ability of Rex-related proteins to localize to the
cytoplasm was dependent on their association with hCRM1. Fur-
thermore, the overexpression of hCRM1 fully restored the func-
tion of Rex inhibited trans dominantly by TAgRexM64, suggest-
ing that hCRM1 is a major cofactor for Rex. Since Rev and Rex
have been shown to share the same route for the transport of their
cognate mRNAs (19), these results are consistent with hCRM1
being an NES receptor for the export of shuttling proteins, in-
cluding Rev (11, 13, 22, 29, 35).

Our previous report suggested that the translation initiation
factor eIF-5A abrogates the inhibitory effect of TAgRex on
Rex function in Cos7 cells (19). In recent experiments, how-
ever, we found that the physiological condition of Cos7 cells
greatly influences the effect of eIF-5A, and we could not re-
produce the effect in HeLa cells. Thus, more extensive study
will be required to discover the role of eIF-5A in Rex function.

The second role for hCRM1 in the multimerization of the

Rex protein was shown by three experimental lines of evi-
dence. First, RexM90 could not multimerize, suggesting a role
for the activation domain in multimerization. Second, the ac-
tivity of RexM64, which has a mutation in the multimerization
domain, was partially restored by the overexpression of
hCRM1, and this effect coincided with the partial restoration
of multimerization. Third, TAgRexM64 abrogated the ability
of the wild-type Rex protein to oligomerize, a defect that could
be corrected by furnishing exogenous hCRM1.

We used a two-hybrid assay to measure the ability to oli-
gomerize. The use of this assay to study Rev protein function
has been criticized on the basis of the abnormally high accu-
mulation in the nucleus and nucleolus of activation domain
mutant proteins, which impair cellular functions and lead to
reduced CAT production (37). However, we always cotrans-
fected a plasmid expressing b-galactosidase as a standard for
normalization. Accordingly, the nonspecific impairment of cel-
lular function by RexM90 could not account for the reduction
in CAT production. In addition, the fact that RexM14, which
has a mutation in the activation domain, did not dominantly
inhibit wild-type Rex function in terms of RXRE-dependent
gene expression (5), a situation that differs from the DN phe-
notype of the Rev activation domain mutants, suggested that a
normal cellular environment existed during the overexpression
of the Rex activation domain mutant.

Oligomerization has been proposed to position individual ac-
tivation domains to create a domain sufficient for interaction with
the cellular cofactor (2, 23), namely, hCRM1. In this study, we
demonstrated that high concentrations of hCRM1 instead com-
plement the poor multimerization ability of Rex mutants and that
even the wild-type Rex protein requires a sufficient amount of
hCRM1 to multimerize. Thus, the intrinsic capability of Rex pro-
teins to multimerize may be necessary but not sufficient for mul-
timerization in vivo. Moreover, these results suggest that the mul-
timerization of Rex proteins is not a prerequisite for their
interaction with hCRM1. For these reasons, we propose that a
Rex protein initially interacts with an hCRM1 molecule, leading
to the multimerization of Rex proteins in a step that is favored by
the intrinsic capacity of Rex proteins to oligomerize. This process
in turn would favor the formation of a more favorable structure

FIG. 7. Inhibitory effect of TAgRexM64 and TAgRexM6490 on Rex-Rex
multimerization. HeLa cell cultures were transfected with pGAL-Rex and
pRex-VP in combination with various amounts of pSRaTAgRexM64 (■) or with
pSRaTAgRexM6490 (F). At 24 h posttransfection, the cells were harvested, and
the amount of CAT and the activity of b-galactosidase were quantified. The
amount of CAT and the activity of b-galactosidase obtained with transfection of
pRex-VP and pGAL-Rex without any TAgRex expression plasmid were 230 pg
and 4.5 3 1023 U, respectively, and the ratio was arbitrarily set at 1.

FIG. 8. Overexpression of hCRM1 restores Rex-Rex multimerization inhib-
ited by TAgRexM64. HeLa cell cultures were transfected with pGAL-Rex, pRex-
VP, and 0.2 mg of pSRaTAgRexM64 in combination with various amounts of
pSRahCRM1. The amount of CAT and the activity of b-galactosidase obtained
with transfection of pRex-VP and pGAL-Rex without pSRaTAgRexM64 were
380 pg and 6.8 3 1023 U, respectively, and the ratio was arbitrarily set at 1.

TABLE 3. Restoration of the multimerization of RexM64 by
overexpression of hCRM1a

Fusion proteins

CAT/b-galactosidase ratio with the
following amt (mg) of pSRahCRM1:

0 0.1 0.3 0.5

GAL-Rex–Rex-VP 1 1.92 1.74 1.35
GAL-RexM64–RexM64-VP ,0.01 0.09 0.20 0.20
GAL-RexM90–RexM90-VP 0.07 0.08 0.05 0.05

a HeLa cells were cotransfected with pSRahCRM1 and plasmids expressing
various GAL and VP16 fusion proteins. The CAT/b-galactosidase ratio resulting
from the cotransfection of pGAL-Rex and pRex-VP without pSRahCRM1 was
assigned a value of 1.
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for interaction with supplementary hCRM1 molecules. We could
not demonstrate homo-oligomerization of hCRM1 because a do-
main of VP16 inactivated this function of hCRM1. However, Ran
has been reported to multimerize (9), suggesting the formation of
a large trimeric complex including hCRM1, Ran, and Rex. Alter-
natively, the binding of hCRM1 may induce conformational
changes in Rex proteins, leading to more efficient multimeriza-
tion. Although we did not address the role of RNA in this study,
RNA could conceivably take part in the multimerization process,
as suggested previously (23, 26).
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