MOLECULAR AND CELLULAR BIOLOGY, Feb. 1999, p. 1218-1225
0270-7306/99/$04.00+0

Vol. 19, No. 2

Copyright © 1999, American Society for Microbiology. All Rights Reserved.

Importin  Can Mediate the Nuclear Import of an Arginine-Rich

Nuclear Localization Signal in the Absence of Importin o

DIANA PALMERI' anp MICHAEL H. MALIM?34*

Cell and Molecular Biology Graduate Group,' Departments of Microbiology* and Medicine,* and
Howard Hughes Medical Institute,* University of Pennsylvania School of Medicine,
Philadelphia, Pennsylvania 19104-6148

Received 17 August 1998/Returned for modification 14 October 1998/Accepted 27 October 1998

The import of proteins into the nucleus is dependent on cis-acting targeting sequences, nuclear localization
signals (NLSs), and members of the nuclear transport receptor (importin-f-like) superfamily. The most
extensively characterized import pathway, often termed the classical pathway, is utilized by many basic-type
(lysine-rich) NLSs and requires an additional component, importin «, to serve as a bridge between the NLS
and the import receptor importin 3. More recently, it has become clear that a variety of proteins enter the
nucleus via alternative import receptors and that their NLSs bind directly to those receptors. By using the
digitonin-permeabilized cell system for protein import in vitro, we have defined the import pathway for the Rex
protein of human T-cell leukemia virus type 1. Interestingly, the arginine-rich NLS of Rex uses importin 3 for
import but does so by a mechanism that is importin « independent. Based on the ability of the Rex NLS to
inhibit the import of the lysine-rich NLS of T antigen and of both NLSs to be inhibited by the domain of
importin « that binds importin 3 (the IBB domain), we infer that the Rex NLS interacts with importin 3
directly. In addition, and in keeping with other receptor-mediated nuclear import pathways, Rex import is
dependent on the integrity of the Ran GTPase cycle. Based on these results, we suggest that importin 3 can
mediate the nuclear import of arginine-rich NLSs directly, or lysine-rich NLSs through the action of importin o.

The exchange of molecules between the nucleus and the
cytoplasm occurs through nuclear pore complexes (NPCs) (15,
24, 41, 48, 49). These large multisubunit complexes span both
membranes of the nuclear envelope (NE) and form aqueous
channels that can accommodate the passive diffusion of small
molecules up to 9 nm in diameter and the active (energy
consuming) transport of molecules and complexes with diam-
eters up to ~25 nm. Thus, proteins with masses that exceed
~50 kDa, as well as many smaller proteins, are unable to
traverse the NE passively and are dependent on active, signal-
mediated pathways for translocation.

Many cis-acting peptide sequences that are sufficient to spec-
ify nuclear import or nuclear export have now been defined.
These are termed nuclear localization signals (NLSs) or nu-
clear export signals (NESs), respectively. With respect to
NLSs, the first sequences to be delineated comprised one or
two short stretches of basic amino acids (particularly lysine).
NLSs of this class are typified by that of T antigen (proline-
lysine-lysine-lysine-arginine-lysine-valine) (32) and are fre-
quently referred to as classical, or basic-type, NLSs (9, 14, 39,
48). More recently, a number of nonconforming NLSs—one
example of which is the glycine-rich M9 sequence of the Al
protein—that are not particularly rich in lysine residues have
also been defined (31, 45, 48, 61, 64, 68, 70). In contrast to
NLSs, the existence of NESs was established relatively recently
(20, 44, 73); although fewer such sequences have therefore
been identified and characterized, many NESs are marked by
an abundance of hydrophobic residues (especially leucine) (4,
21, 48, 54).

Work by many groups has now established that NLSs and
NESs function by interacting with members of a family of
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related ~100-kDa proteins known as the nuclear transport
receptors. These proteins shuttle between the nucleus and the
cytoplasm and function by interacting with their substrates in
either the cytoplasm or the nucleus, translocating through
NPCs via a series of interactions with NPC components
(nucleoporins), dissociating from their respective substrates,
and then recycling back to their original compartment (2, 24,
31, 38, 41, 48, 49). The first transport receptor to be identified,
importin B/karyopherin B1, is essential for the nuclear import
of many basic-type NLSs; however, unlike other transport re-
ceptors, importin B does not usually bind to its substrates
directly but, rather, is bridged via an adapter known as impor-
tin a/karyopherin a. Interestingly, importin o’s interaction with
importin B is mediated by its amino-terminal 41 amino ac-
ids—a region that is also rich in basic amino acids (especially
arginine)—and is termed the importin-beta-binding (IBB) do-
main (25, 72).

Evidence to suggest that the GTPase Ran serves two func-
tions during nuclear transport has been presented (24). (i) The
asymmetric distribution of RanGTP (nucleus)-RanGDP (cyto-
plasm) across the NE provides both import and export with
directionality. Specifically, the binding of RanGTP to import
receptors triggers the release of NLSs (26, 30, 31, 56), whereas
binding to export receptors stimulates their association with
NESs (2, 22, 37, 38). Thus, the interaction of RanGTP with
transport receptors is thought to terminate nuclear import and
to be a prerequisite for nuclear export. This critical asymmetry
of Ran’s two nucleotide-bound states is determined by the
subcellular localization of its exchange factor, RCC1, which is
nuclear, and the GTPase activating protein, RanGAP1, which
is cytoplasmic (24). (ii) Ran-mediated GTP hydrolysis appears
to be thermodynamically coupled to the import of NLS-bear-
ing substrates (71) and the export of most ribonucleoprotein
(RNP) complexes (30). (GTP hydrolysis by Ran has been
shown to be dispensable for tRNA export and NES-mediated
protein export [30, 58].)
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In summary, the nuclear import of a protein carrying a
classical, basic-type NLS is therefore thought to involve the
following steps (24, 41, 48, 49). The NLS initially binds to
importin « in the cytoplasm in the context of an importin o/
heterodimer. The importin B component of this ternary com-
plex interacts with the cytoplasmic face of the NPC and the
whole complex then translocates through the pore. Following
delivery to the nuclear interior, the binding of RanGTP to
importin B results in the disassembly of the ternary complex
and the subsequent return of importin « and importin {8, but
not the NLS-bearing protein, to the cytoplasm.

The analysis of the Rex and Rev posttranscriptional regula-
tory proteins of the human retroviruses human T-cell leukemia
virus type 1 (HTLV-1) and human immunodeficiency virus
type 1 (HIV-1), respectively, has contributed much to our
current understanding of nuclear transport (10, 11, 16, 54). In
particular, Rex and Rev each bind specifically to cis-acting
sequences in their substrate unspliced viral mRNAs in the
nucleus (5, 13, 75) and then escort those RNAs through NPCs
and into the cytoplasm. As such, Rex and Rev are essential for
the nuclear export of intron-containing viral transcripts and,
therefore, virus replication. These proteins were among the
first shown to harbor NESs (4, 20, 34, 43, 51), and it is now
known that these leucine-rich domains mediate direct binding
to the export receptor exportin 1/Crmlp (22).

In contrast to the intensive analysis of Rex/Rev nuclear
export, the import of these shuttling proteins into the nucleus
has received comparatively little attention. Both proteins har-
bor transferable NLSs that, although highly basic in nature,
contain many more arginines than lysines (36, 40, 52, 59, 62).
In addition to this variance with many basic-type NLSs, it has
also been found that the nuclear import of Rex and Rev is
inhibited when cells are treated with transcriptional inhibitors,
such as actinomycin D (33, 42, 51, 57, 65, 74). These two
observations suggested that there may be differences between
the pathways of import used by classical NLSs and Rex/Rev. By
using the digitonin-permeabilized cell assay for in vitro nuclear
import, we show that the Rex NLS, unlike the lysine-rich NLS
of T antigen, utilizes importin B for import with no apparent
requirement for importin a. However, and in keeping with
previously described nuclear import pathways, the import of
Rex remains dependent on the Ran GTPase cycle. These find-
ings therefore demonstrate that importin B can mediate the
nuclear import of NLSs either with or without the adapter
protein importin .

MATERIALS AND METHODS

Molecular clones. The wild-type HTLV-1 Rex expression vector, pcRex, ex-
presses the full-length 189-amino-acid protein under the transcriptional control
of the cytomegalovirus immediate-early promoter (60). Its NLS-deficient variant,
pcRex(1 + 2), was generated by PCR-mediated site-directed mutagenesis and
has the stretches of basic residues at positions 5 to 7 and 13 to 15 exchanged for
aspartic acid-leucine (see Fig. 1). The wild-type Rex and 1 + 2 mutant import
substrate expression vectors, pGST-Rex-Myc and pGST-Rex(1 + 2)-Myc, are
based on the pGEX-2T glutathione S-transferase (GST) expression vector and
were constructed by insertion of the sequences that encode the amino-terminal
residues of Rex up to the threonine at position 18 between a glycine-glycine
hinge at the carboxy terminus of GST and the c-Myc epitope tag (43). The
pGST-T vector which expresses the NLS of T antigen fused to the carboxy
terminus of GST has been described previously (55). The plasmids used to
express recombinant fusions of various cellular nuclear import factors, GST-
importin « (NPI-1/hSRP-1), Hiss-ZZ-IBB, GST-importin B, GST-Ran (wild
type), GST-RanT24N, Hisg-RanQ69L, GST-RanD125N, and GST-p10, have
been described elsewhere (26, 55, 68).

Transient transfection and indirect immunofluorescence. Thirty-five-millime-
ter-diameter subconfluent HeLa cell monolayers were transiently transfected
with 5 ug of the Rex expression vectors by using calcium phosphate. At 48 h, the
cells were fixed using paraformaldehyde, permeabilized, and incubated first with
a Rex-specific antiserum raised in rabbit and then with a Texas red-conjugated
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secondary antibody (51). Stained samples were viewed by epifluorescence with a
Nikon Microphot-SA microscope at a magnification of X400.

Purification of recombinant proteins from Escherichia coli and synthetic pep-
tides. All GST- and Hise-fusion proteins were purified from exponentially grow-
ing E. coli that had been induced with 1 mM isopropyl-B-p-thiogalactopyranoside
(IPTG) using standard affinity chromatography techniques. For the His, fusions,
purifications were performed under denaturing conditions with 6 M guanidine
hydrochloride and the eluted proteins initially dialyzed in phosphate-buffered
saline. For the GST fusions, purifications were carried out under nondenaturing
conditions, and the import factors were separated from GST by proteolytic
cleavage with either factor Xa (wild-type Ran, RanD125N, and p10) or thrombin
(importin «, importin B, and RanT24N) for 6 h at 25°C. All import factors as well
as the uncleaved import substrates (GST-Rex NLS, GST-Rex[1 + 2], and GST-T
NLS), which were eluted from glutathione-Sepharose 4B columns using 20 mM
glutathione, were finally dialyzed in 1X import buffer (20 mM HEPES [pH 7.3],
110 mM potassium acetate, 5 mM sodium acetate, 2 mM magnesium acetate, 1
mM EGTA, 2 mM dithiothreitol, and 1-pg/ml concentrations each of the pro-
tease inhibitors aprotinin, leupeptin, and pepstatin), concentrated to ~1 mg/ml,
and stored in aliquots at —80°C. The integrity of each protein preparation was
confirmed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and
Coomassie blue staining. For the Rex import substrates, standard Western blot-
ting using GST-specific (Santa Cruz Biotechnology, Inc.) or Myc-specific (9E10)
(17) monoclonal antibodies was also performed to ensure protein quality (data
not shown). Peptides were synthesized using an Advanced Chemtech MPS 396
synthesizer and comprised T antigen (residues 125 to 135 [C-YPKKKRKVEDP])
and the Rex wild type (residues 1 to 18 [C-MPKTRRRPRRSQRKRPPT]).

Permeabilized cell assay for in vitro nuclear import. Permeabilized cell assays
were performed essentially as described previously (1). Adherent HeLa cells
were plated onto glass coverslips in 35-mm-diameter culture dishes and main-
tained until almost confluent. Cells were then washed with cold 1X import buffer,
permeabilized by immersion in cold 1X import buffer supplemented with 30 wg
of digitonin/ml for 5 min, and rinsed with excess import buffer. Import assays
were performed by blotting the coverslips to remove excess liquid, inverting over
a drop of import cocktail (factors plus substrate) on a Parafilm sheet in a
humidified box, and maintaining at room temperature for 30 min. Nuclear
import was assessed by washing the cells with phosphate-buffered saline, para-
formaldehyde fixation, and indirect immunofluorescence using the GST-specific
monoclonal antibody.

For assays in which HeLa cell cytosol was used as a source of import factors,
the import cocktail comprised 1X import buffer containing 40 to 50% cytosol,
~25 wg of import substrate/ml, 1 mM ATP, 5 mM creatine phosphate, 20 U of
creatine phosphokinase/ml, 0.1 mM GTP, and 1 pg each of aprotinin, leupeptin,
and pepstatin/ml. The cytosolic extracts were prepared in advance from HeLa S3
cells by hypotonic lysis, Dounce homogenization, centrifugation, and dialysis in
1Xx import buffer and were stored in aliquots at —80°C (1). For the competition
assays, either a 200-fold molar excess of synthetic peptide (relative to substrate)
or 30 uM IBB was added to the import cocktails. In experiments which required
recombinant import factors, these were added to a final concentration of ~5 pM.
Importin B was specifically depleted from 500 pl of cytosol by two independent
3-h incubations at 4°C with 100 wg of purified importin-B-specific monoclonal
antibody (3E9) (8) that had been prebound to 100 pl of protein G-agarose. The
agarose beads were removed by centrifugation at 1,000 X g for 2 min, and the
loss of importin B from the extract was confirmed by Western blotting.

RESULTS

The principal goal of this study was to define the pathway of
nuclear import used by the Rex protein of HTLV-1, and to
compare and contrast this with the classical pathway. As dis-
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FIG. 1. Domain organization of the 189-amino-acid Rex protein of HTLV-1.
The domains that mediate nuclear localization and RNA binding (residues 1 to
18, gray box), and nuclear export (residues 82 to 93, solid box) are indicated. The
amino acid sequence of the wild-type NLS is indicated below together with the
changes that were introduced in the 1 + 2 mutant. —, no change; A, deletion of
one residue.
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FIG. 2. Subcellular localization of Rex proteins in transfected HeLa cells.
Monolayers were transiently transfected with the wild-type vector pcRex (a and
b) or its mutated derivative pcRex (1 + 2) (¢ and d), maintained for 48 h and
subjected to indirect immunofluorescence using a Rex-specific antiserum raised
in rabbit and a Texas red-conjugated secondary antibody. Samples were viewed
by epifluorescence (a and c) or phase contrast (b and d).

cussed above, there were already hints that Rex nuclear import
may differ from that of basic-type NLSs, such as the T antigen
NLS. Specifically, Rex’s NLS is arginine rich rather than lysine
rich (59, 62), and the nuclear import of Rex in living cells is
sensitive to the addition of inhibitors of cellular transcription
(51, 65). Interestingly, nuclear import that is mediated by NLSs
found in a number of the heterogeneous ribonucleoprotein
(RNP) particle (hnRNP) proteins—for example, Al and
K—can also be inhibited by treatment with transcriptional
inhibitors (45, 53, 63). Moreover, the transcriptionally sensitive
NLSs of both Al and K function by accessing pathways of
nuclear import that are clearly distinct from the classical path-
way (45, 55); in the case of Al, import is mediated by direct
interaction with the import receptor transportin/karyopherin
B2 (7, 23, 55, 63).

Sequence-specific nuclear import of Rex. The domain struc-
ture of the HTLV-1 Rex protein is illustrated in Fig. 1. To-
wards the middle of the linear sequence is the leucine-rich
NES that mediates Rex’s interaction with the export receptor
exportin 1 (6, 28, 69). At the amino terminus is a highly basic
region (9 out of the first 15 amino acids) that mediates both
nuclear localization and binding to the Rex response element
(RxRE) in Rex-responsive viral mRNAs (5, 59, 62). To con-
firm that this arginine-rich region is indeed the Rex NLS,
site-directed mutagenesis was performed on a wild-type rex
gene such that six of the basic residues were eliminated from
this region (1 + 2 mutation). The wild-type and mutated ex-
pression vectors were transiently transfected into HeLa cells,
and the ensuing patterns of protein expression were deter-
mined by indirect immunofluorescence using a rabbit Rex-
specific antiserum (Fig. 2). As expected, the wild-type Rex
protein efficiently accumulated in the nuclei of expressing cells
(panels a and b), whereas the 1 + 2 mutant protein failed to
localize to the nucleus and was found predominantly in the
cytoplasm (panels ¢ and d).

The standard approach for studying nuclear import path-
ways in vitro is the digitonin-permeabilized cell system, as
originally developed by Adam et al. (1). Here, cells are treated
with the nonionic detergent digitonin such that the plasma
membrane, but not the NE, is permeabilized and many cyto-
solic factors are released; nuclear import and accumulation of
added substrates in the presence of various extracts, recombi-
nant factors and compounds can then be used to analyze a
given nuclear import pathway. To examine Rex import, we
therefore constructed and purified fusion proteins that com-
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FIG. 3. Sequence specific nuclear import of Rex in digitonin-permeabilized
HelLa cells. In vitro import assays were performed using fusions of the wild-type
Rex NLS (a and b), the 1 + 2 mutant variant of the Rex NLS (c and d) or the
wild-type T antigen NLS (e and f) to the carboxy terminus of GST as substrates.
Import factors were supplied using HeLa cell cytosol and reactions were run for
30 min in the presence of an energy regenerating system. Samples were analyzed
by indirect immunofluorescence using a GST-specific monoclonal antibody fol-
lowed by a Texas red-conjugated secondary antibody and epifluorescence (a, c,
and e). The corresponding phase-contrast analyses are also shown (b, d, and f).

prised the wild-type NLS of Rex, or the 1 + 2 mutant deriva-
tive, sandwiched between GST and the c-Myc epitope tag. The
integrity of each purified protein was confirmed by Western
blotting using both GST- and Myc-specific antibodies. Each
detected single species, which indicated that both protein prep-
arations were full length and essentially homogeneous (data
not shown). As a control for the following experiments, we
used the well-characterized fusion of GST to the NLS of T
antigen (55).

All three fusion proteins were then used as import substrates
in a permeabilized cell assay in which the import factors were
provided by a HeLa cell cytosolic extract. Following a reaction
time of 30 min, the substrates were detected by indirect im-
munofluorescence using the GST-specific antibody (Fig. 3).
Both wild-type NLS-containing proteins, GST-Rex NLS and
GST-T NLS, were imported into the nucleus (panels a, b, e,
and f) whereas the fusion carrying the inactive NLS, GST-Rex
(1 + 2), was not (panels ¢ and d). Importantly, the same results
were obtained for the GST-Rex proteins when the Myc-specific
antibody was used for detection, a finding which confirmed
that the full-length input proteins were being detected in these
assays (data not shown). These results are, therefore, consis-
tent with the transfection-based studies (Fig. 2) and establish
these GST fusions as legitimate substrates with which to ana-
lyze the mechanism of Rex nuclear import.

Sensitivity of nuclear import to WGA. The lectin wheat germ
agglutinin (WGA) inhibits nuclear import both in vivo and in
vitro and has been shown to bind to a number of glycosylated
nucleoporins (12, 18). To evaluate the effects of WGA on Rex
import, two concentrations of WGA were added to import
reactions in which GST-Rex NLS (wild type) or GST-T NLS
were the substrates and import factors were supplied using
HelLa cytosol (Fig. 4). Although both NLSs were imported with
similar efficiencies in the absence of lectin (panels e and f), the
Rex NLS was less sensitive to inhibition than the T NLS since
significant import was still observed in the presence of 0.05 pg
of WGA/ml (compare panels ¢ and d). In contrast, the nuclear
import of both NLSs was blocked at the higher dose of 0.5 pg
of WGA/ml (panels a and b). This differential susceptibility of
the Rex and T NLSs to lectin-mediated inhibition further sug-
gested that their modes of nuclear import may differ.
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FIG. 4. Inhibition of nuclear import by wheat germ agglutinin. In vitro im-
port assays using GST-Rex NLS (wild type) (a, ¢, and ) or GST-T NLS (b, d, and
f) as substrate and HeLa cell cytosol were carried out in the presence of 0.5 mg
of WGA/ml (a and b) or 0.05 mg of WGA/ml (c and d), or in the absence of
WGA (e and f). All samples were analyzed by indirect immunofluorescence as
described in the legend for Fig. 3.

WGA (ug/ml)
0.05

Saturation of nuclear import pathways. One of the defining
features of signal-mediated nuclear transport is that it is satu-
rable in that inhibition is observed in the presence of excess
cognate competitor. To investigate this aspect of Rex NLS
function, import assays were performed using GST-Rex NLS
or GST-T NLS as substrate and synthetic NLS peptides as
competitors (Fig. 5). The IBB domain of importin o was used
as a third competitor since appending this 41-amino-acid se-
quence to a heterologous substrate has been shown to confer
nuclear import by mediating direct binding to importin 8 (25,
72); in other words, this domain can also be regarded as having
an NLS function.

As predicted for sequence specific import, the nuclear up-
take of both substrates was inhibited by addition of their
matching NLS peptide competitors (panels ¢ and f). In con-
trast, whereas the Rex peptide was also able to block the
import of the T NLS (panel d), the T antigen peptide had no
discernible effect on the efficiency of Rex NLS import (panel
e). Interestingly, addition of the IBB domain resulted in the
same pattern of interference as was seen with the Rex com-
petitor in that the import of the Rex and T NLSs was inhibited
(panels c, d, g, and h). The most likely explanation for these

control

Rex NLS
peptide

b
TAgNLS ¢
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observations is that the Rex NLS and the IBB domain interact
with overlapping sites (or the same site) on importin § such
that the import of any substrate that requires access to that
site—including the T NLS via importin « bridging—would be
inhibited. This hypothesis suggests, therefore, that Rex nuclear
import occurs independently of importin « and that the addi-
tion of T NLS competitor is inconsequential because this pep-
tide acts “upstream” by disrupting interactions between NLSs
and importin a.

Rex nuclear import is mediated by importin 3 indepen-
dently of importin a. To test the aforementioned model for
Rex NLS function more directly, we conducted a series of
assays in which the import factors were supplied as purified
recombinant proteins rather than in the context of HeLa cy-
tosol (Fig. 6). Specifically, once the cells had been permeabil-
ized with digitonin, no cytosol, importin «a alone, importin 3
alone, or importin a plus importin 3 were added together with
the Rex or T antigen substrates. Of note, we found that the
addition of Ran and/or pl0/NTF2 to these reaction cocktails
had no effect on the efficiency of nuclear import in any of the
samples (data not shown). We presume that this reflects the
incomplete depletion of these factors during permeabilization
(the role of Ran will be discussed further below).

As expected, neither Rex nor T antigen was imported when
no factors were added (panels ¢ and d) or when only importin
o was added (panels e and f). Most significantly, however,
when importin B was added in the absence of importin «
efficient import of the Rex NLS (panel g) but not the T NLS
(panel h) was observed; indeed, the efficiency of reconstituted
import closely paralleled that seen with whole cytosol (panel
a). Consistent with the current definition of the classical import
pathway, further supplementation with importin o restored
import capacity to the T NLS (panel j). Of note, it might have
been expected that addition of importin o to the Rex NLS
reaction would have reduced import efficiency in the same
manner as the IBB domain (Fig. 5); that this was not seen
(panel i) is likely to be a reflection of the lower concentration
of importin a used in this experiment, as well as the higher
concentration of importin B. In summary, the most parsimo-
nious interpretation of these data is that the Rex NLS binds to
importin B directly and is imported into the nucleus indepen-
dently of importin a.

Recent data have indicated that there is marked redundancy
in the nuclear import of certain proteins. In particular, the
ribosomal proteins L.23a, S7 and L5 can each be imported into

TAgNLS IBB
peptide domain

FIG. 5. The nuclear import of Rex is a saturable process. In vitro import assays were performed using GST-Rex NLS (wild type) (a, ¢, e, and g) or GST-T NLS
(b, d, f, and h) as a substrate, HeLa cell cytosol as a source of import factors, and synthetic peptides corresponding to the Rex NLS (c and d) or the T NLS (e and
f), or purified Hiss-IBB (g and h) as competitors. Samples were analyzed as described in the legend for Fig. 3.
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FIG. 6. Reconstitution of nuclear import using purified recombinant proteins. GST-Rex NLS (wild type) (a, c, e, g, and i) and GST-T NLS (b, d, f, h, and j) were
used as in vitro import substrates in the presence of HeLa cytosol (a and b), no cytosol or added factors (¢ and d), importin « (e and f), importin 8 (g and h), or importin
a plus importin B (i and j). Samples were analyzed as described in the legend for Fig. 3.

the nucleus by the action of four distinct import receptors:
importin B acting independently of importin «, transportin,
Ran binding protein 5 (RanBP5) and RanBP7 (31). Thus,
although our data reveal that the nuclear import of Rex can be
mediated by importin B in the absence of importin «, it re-
mains formally possible that additional receptors could also
direct Rex import (though this seemed unlikely given the sen-
sitivity of Rex import to competition by the IBB domain).
Nevertheless, to address this point using a different approach,
importin B was specifically removed from HeLa cytosol by two
serial rounds of immunodepletion with the 3E9 monoclonal an-
tibody (8), and the resulting extract was then used in import assays
in which the NLSs of Rex or T antigen served as substrates (Fig.
7). In each case, import was abolished by the removal of importin
B (panels ¢ and d) but not by mock depletion of cytosol with an
irrelevant antibody (data not shown). Importantly, the addition of
recombinant importin 3 to the depleted extract restored efficient
import to both substrates (compare panels e and f with a and b).
Based on these findings, we conclude that importin { is the sole
member of the import receptor superfamily that can mediate the
nuclear uptake of Rex.

Rex nuclear import is dependent on the Ran GTPase cycle.
As discussed previously, protein nuclear import is thought to
be Ran dependent for two reasons: (i) Ran-mediated hydro-
lysis of GTP provides energy that is critical to import, and (ii)
the asymmetry of Ran’s two nucleotide-bound states provides
directionality to import. To this point, however, the depen-
dence of Rex NLS function on the integrity of the Ran GTPase
cycle has not been established. For instance, under the perme-
abilization conditions used here, purified Ran did not have to
be included in our reconstitution experiments (Fig. 6). Previ-
ous analyses have established that the Ran dependence of
nuclear transport can be revealed through the use of mutant
Ran proteins. Accordingly, the effects of three different Ran
mutants on Rex nuclear import were determined (Fig. 8).
RanT24N is unable to bind GTP and has a very low affinity for
GDP, and is therefore a competitive inhibitor of RCC1-medi-
ated nucleotide exchange (35); RanQG69L is deficient in
GTPase function and is therefore “locked” in the GTP-bound
state (3, 35); and RanD125N hydrolyzes xanthosine 5'-triphos-
phate (XTP) rather than GTP (71).

In all these experiments, the effects of the different Ran
proteins were indistinguishable for the NLSs of Rex or T an-
tigen (Fig. 8). Not surprisingly, the addition of wild-type Ran
to whole cytosol had no evident consequence for import (pan-
els a to d), presumably because these cells had retained suffi-
cient Ran during digitonin treatment. In contrast, the addition

of the T24N or Q69L mutant protein efficiently inhibited im-
port (panels e to h). The addition of excess levels of these
mutant proteins to import reactions collapses the RanGTP
(nucleus)-RanGDP (cytoplasm) gradient and eliminates direc-
tionality: RanT24N increases the RanGDP concentration in
the nucleus and presumably prevents the release of import
substrates from import receptors, whereas RanQ69L increases
cytoplasmic RanGTP levels and dissociates import substrates
from receptors prior to translocation.

Given that GTP hydrolysis is important for receptor-medi-
ated nuclear import, it was expected that addition of the non-
hydrolyzable GTP analog GTPyS would inhibit import (panels
i and j). That import could then be rescued to a substantial
degree by the addition of XTP and RanD125 (panels k and 1)
supports the idea that the Ran-mediated hydrolysis of GTP is
coupled to the nuclear import of the Rex and T antigen NLSs.
We therefore conclude that the requirement for Ran in the
importin-o/B-mediated import of basic-type NLSs appears to
be conserved for the importin-B-mediated import of the argi-
nine-rich NLS of Rex.

DISCUSSION

In this article, we describe in vitro experiments which help
define the nuclear import pathway used by the HTLV-1 post-

depleted depleted
cytosol cytosol + 3

FIG. 7. Importin B is required for Rex and T antigen nuclear import. GST-
Rex NLS (wild type) (a, ¢, and e) and GST-T NLS (b, d, and f) were used as in
vitro import substrates in the presence of HeLa cytosol (a and b), cytosol that
had been immunodepleted of importin B (c and d), or depleted cytosol supple-
mented with purified importin B (e and f). Samples were analyzed as described
in the legend for Fig. 3.

control
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FIG. 8. The importance of Ran for nuclear import. GST-Rex NLS (wild type) (a, c, e, g, i, and k) and GST-T NLS (b, d, f, h, j, and 1) were used as in vitro import
substrates in the presence of HeLa cytosol (a and b), or cytosol supplemented with wild-type Ran (¢ and d), RanT24N (e and f), RanQ69L (g and h), the nonhydrolyzable
GTP analog GTP+S (2.5 mM) (i and j), or GTPyS plus RanD125N plus XTP (0.75 mM) (k and I). Samples were analyzed as described in the legend for Fig. 3.

transcriptional trans-activator Rex. Using a permeabilized cell
system, it was confirmed that Rex harbors an arginine-rich
NLS (Fig. 1) that is sufficient to confer nuclear import on a
heterologous substrate (Fig. 3). A combination of competition
(Fig. 5), reconstitution (Fig. 6), and immunodepletion (Fig. 7)
experiments revealed that importin B is accessed directly by
the Rex NLS to achieve nuclear import and that importin o«
plays no role in this process. Finally, and consistent with pre-
viously described pathways of receptor-mediated nuclear im-
port, Rex NLS function was shown to be dependent on the asym-
metry of RanGTP-RanGDP across the NE and to be coupled
to Ran-mediated nucleoside triphosphate hydrolysis (Fig. 8).

There are two principal reasons for considering it most likely
that the Rex NLS binds to importin 8 directly. One, even
though the reconstitution studies (Fig. 6) do not by themselves
eliminate the possibility that an adapter protein could bridge
Rex to importin B, the ability of the Rex peptide to block T
NLS import (Fig. 5) shows that a protein-protein interaction
that is critical to the classical import pathway, yet is distinct
from the binding of the T NLS to importin «, must be impeded
by this competitor. Given the dependence of Rex import on
importin B (Fig. 6 and 7) and its sensitivity to competition by
the IBB domain (Fig. 5), the only remaining target for Rex
binding is, presumably, importin 8. Two, a number of other
NLSs have now been shown to bind to importin  directly
and/or to be imported into the nucleus by a mechanism that is
dependent on importin 8, but independent of importin .
Interestingly, these NLSs—which include those found in
HIV-1 Rev (27, 67), HIV-1 Tat (67), L23a (31), the yeast RNA
binding protein Nab2 (68), and the T-cell protein tyrosine
phosphatase (66), as well as the IBB domain of importin « (25,
72)—tend, like Rex, to be rich in arginine residues rather than
in the lysines that are more commonly found in classical/basic-
type NLSs. The recent elucidation of the structure of a 50-kDa
proteolytic fragment of yeast importin « by crystallographic
approaches helps explain why arginine-rich NLSs that utilize
importin B for import appear to do so by bypassing importin o
(9). Specifically, the asparagine, tryptophan, and negatively
charged residues that help form the NLS binding sites appear
to be better positioned to participate in multiple hydrogen
bonding and hydrophobic, van der Waals, and electrostatic
interactions with the side chains of lysines than with the side
chains of arginines.

In summary, we propose that the nucleocytoplasmic shut-
tling cycle of Rex includes, but is not necessarily restricted to,

the following interactions. Following initial synthesis in the
cytoplasm, the arginine-rich NLS binds to importin 3 and Rex
is transported through the NPC. Once in the nucleus, RanGTP
interacts with importin B and releases Rex into the nucleo-
plasm. Rex can then bind and multimerize on the RxRE of
Rex-responsive viral mRNAs, and, together with RanGTP,
interact with the export receptor exportin 1. This complex is
subsequently exported to the cytoplasm and exportin 1 is dis-
sociated following the hydrolysis of Ran-bound GTP. The pre-
sumed release of Rex from the RXxRE would then allow Rex to
rebind importin § and to be reimported into the nucleus, and
the RNA to be translated or packaged into progeny virions.
The fact that the arginine-rich NLS of Rex also serves as the
RNA binding domain likely means that these two activities are
mutually exclusive (this has been shown to be the case for the
arginine-rich NLS of Rev [27, 67] and ensures that Rex cannot
carry exported viral transcripts back into the nucleus.

During the course of these experiments, it was noted that the
nuclear import of Rex was less sensitive to the inhibitory effects
of WGA than was the import of the classical NLS of T antigen
(Fig. 4). Interestingly, it has previously been demonstrated that
the import of U-rich small nuclear RNPs (U snRNPs) is also
not as sensitive to inhibition by WGA as is classical NLS import
(19, 46). Consistent with our delineation of the Rex import path-
way, snRNP import is also importin o independent but importin
B dependent (50). However, and in contrast to Rex which does
not require a bridging factor to interact with importin B, the
bipartite NLS of snRNPs that comprises the m;-5" cap and the
Sm core appears to bind to the importin-a-related receptor snur-
portin 1 as well as to an unidentified receptor, rather than to
importin B directly (29). Taken together, these findings raise the
possibility that WGA'’s inhibitory effects on signal-mediated nu-
clear import may not be exerted entirely through interference
with import receptor-NPC interactions. In particular, it seems
likely that importin « function is also sensitive to the presence of
WGA, perhaps as a consequence of direct interactions between
the NPC and importin « (47).
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