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The X region of human T-cell lymphotropic virus type 1 (HTLV-1) encodes two nucleolar/nuclear proteins,
the posttranscriptional regulator of mRNA expression Rex and a protein of unknown function named Tof. To
gain insight into the possible biological role of Tof, we investigated the mechanism governing its intracellular
trafficking and identified its nucleolar/nuclear localization signal (NLS). Mutational analysis of Tof revealed
that its NLS was located between amino acids 71 and 98 and contained two arginine-rich domains that
functioned in an interdependent manner. Studies of Tof-Rex hybrid proteins showed that the Tof NLS could
functionally replace the NLS of Rex at the level of nuclear targeting. As the NLS of Rex is known to mediate
its interaction with its RNA target, the Rex-responsive element (RXRE), we tested whether the NLS of Tof
could replace that of Rex in mediating activation of a RXRE-containing mRNA. Results showed that the NLS
of Tof was indeed able to mediate activation of RXRE-containing mRNAs, suggesting that Tof itself may
function as a regulator of RNA expression and utilization. A comparison of their compartmentalization in
response to actinomycin D treatment indicated that Tof did not share Rex’s shuttling pathway. Expression of
Tof from its natural multiply spliced mRNA required the presence of Rex, suggesting that Tof may regulate

viral or cellular mRNA expression during the later stages of viral replication.

The members of the human T-cell lymphotropic virus
(HTLV)/bovine leukemia virus group of oncoretroviruses
(HTLV type 1 [HTLV-1], HTLV-2, bovine leukemia virus, and
simian T-cell leukemia virus type 1) share a complex genome
whose expression is regulated by viral factors (for recent re-
views, see references 6, 16, and 19). HTLV-1 is the only ret-
rovirus that has been demonstrated to play a causative role in
a human neoplasia, i.e., adult T-cell leukemia (22, 43), and is
also etiologically linked to tropical spastic paraparesis/HTLV-
associated myelopathy (18, 40). In addition to the typical ret-
roviral genes encoding Gag, Pol, and Env, the HTLVs contain
other open reading frames (ORFs) in a portion of the genome
termed the X region, located between the env gene and the 3’
long terminal repeat (LTR) (52). Expression of the various
OREFs is accessed through differential splicing, producing un-
spliced, singly spliced, and multiply spliced mRNAs, and by
multiple initiation of translation and ribosomal frameshifting
(9; reviewed in references 19 and 41). In HTLV-1, the X region
is about 1.6 kb in size and contains 10 ORFs (7). To date,
mRNAs capable of expressing the x-I, x-II, x-III, and x-IV
OREFs have been described. A singly spliced mRNA consisting
of the noncoding exon 1 linked to a splice acceptor located at
nucleotide (nt) 6383 in the x-I ORF encodes a 99-amino-acid
protein termed p12' (15, 27, 28). The essential regulatory pro-
teins Tax and Rex are coded by overlapping ORFs in a doubly
spliced mRNA consisting of exon 1 linked to exons 2 and 3 (26,
36). Exon 2 encodes the N-terminal 20 amino acids of Rex and
the initiator methionine of Tax; exon 3 contains the x-III and
x-IV ORFs, encoding the remainder of Rex and Tax, respec-
tively. Tax increases the rate of transcription from the viral
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LTR promoter and is essential for expression of all of the viral
mRNAs; in addition, Tax is able to transactivate a number of
cellular genes (reviewed in references 6, 16, and 19). Rex
activates expression of the unspliced and singly spliced
mRNAs encoding gag/pro/pol and env via direct interaction
with a cis-acting RNA element termed the Rex-responsive
element (RXRE), present in the 3" LTR (reviewed in refer-
ences 19 and 41). A truncated form of Rex termed p21%°* is
expressed from a singly spliced mRNA consisting of exon 1
linked to exon 3 (2, 3, 39). p21¥<* lacks functionally important
domains of Rex and does not exhibit Rex-like activity (62).
The x-II OREF is expressed from a multiply spliced mRNA
containing exons 1 and 2 joined to a splice acceptor at nt 6478,
generating exon B (8, 27). These splicing events place the Tax
AUG located in exon 2 in frame with the x-II ORF, producing
a 241-amino-acid protein designated Tof or p30™ (8, 27). An
87-amino-acid truncated form of Tof, termed p13™, is encoded
in a singly spliced mRNA containing exon 1 joined to a 3’
splice site at nt 6875, in the 3’ portion of the x-II ORF (2, 27).
The 1-2-B mRNA encoding Tof was initially detected by
reverse transcription (RT)-PCR and Northern analysis of
RNA from HeLa cells transfected with the HTLV-1 molecular
clone CS-HTLV-1 and from the chronically infected cell lines
MT-2 and C91PL (8). Independent studies based on RT-PCR
identified the 1-2-B mRNA in the chronically infected cell line
HTLV-1, o and in peripheral blood mononuclear cells of a
healthy carrier and a patient with tropical spastic paraparesis/
HTLV-1-associated myelopathy (27). The singly spliced
mRNA encoding p13™ was detected by RT-PCR of RNA from
HTLV-1; s cells (27) and from peripheral blood mononuclear
cells of patients with adult T-cell leukemia (2). The coding
potential of the x-II ORF in human cells was verified by trans-
ferring the Tof and the p13™ coding sequences into eukaryotic
expression vectors, followed by transfection into a HeLa cell
line and analysis by indirect immunofluorescence or radioim-
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munoprecipitation. Results demonstrated that Tof accumu-
lates in the nucleoli/nuclei (8, 28) and has an apparent size of
30 kDa (27), while the 13 kDa p13™ protein has been reported
to accumulate in the nuclear matrix and to be excluded from
nucleoli (28).

As noted earlier (8), Tof contains regions rich in serine and
threonine that share similarities with serine-rich activation do-
mains found in transcriptional activators such as oct-1, oct-2,
pit-1, engrailed, and POU-M1, suggesting a possible function
as a transcription factor. However, studies aimed at defining
the possible function of Tof and p13™" at either the transcrip-
tional or posttranscriptional level have yielded negative results
(8, 48). This report presents an analysis of Tof aimed at pro-
viding indications for its possible function. To this end, we
identified the signal directing Tof to nucleoli/nuclei and com-
pared it to the amino-terminal nuclear localization signal
(NLS)/RNA binding domain of Rex. Results indicated a func-
tional homology between the NLS of Tof and the NLS/RNA
binding domain of Rex. We also evaluated the trafficking prop-
erties of Tof and analyzed its expression from the 1-2-B
mRNA. Results suggested that Tof may modulate RNA ex-
pression at a level distinct from that of Rex and that expression
of Tof is dependent on the presence of Rex and may therefore
be restricted to later phases of the viral life cycle.

MATERIALS AND METHODS

Cells and transfections. The HeLa-derived cell line HLtat, which constitu-
tively expresses the human immunodeficiency virus type 1 (HIV-1) Tat protein
(50), was transfected as described previously (20). Plasmids used in transfections
were purified by chromatography (Qiagen).

Plasmids. The coding sequences in the Tof and p13!! expression plasmids were
derived from the infectious HTLV-1 molecular clone CS-HTLV-I (13). Plasmids
with the prefix “pLs” were derived from the vector pLdKL3pA, which contains
the HIV-1 LTR promoter, a polylinker, and the simian virus 40 polyadenylation
signal site (34); plasmids designated “AU” contained a sequence encoding the
AU-1 epitope (amino acids DTYRYI) at the 3’ ends of their coding sequences.
pLsTof contained a DNA fragment encoding the Tof protein (nt 4820 to 4831
linked to nt 6478 to 7223). Plasmid pBS1-2-B expressed all noncoding and coding
regions of the natural Tof mRNA (the viral 5' LTR and exons 1, 2, and B,
including the 3" LTR), derived from CS-HTLV-I and cloned into pBluescript
(Stratagene). The p13" protein was expressed from plasmid pLsp13AU, which
contained nt 6919 to 7193 of CS-HTLV-I, followed by a sequence coding for the
AU-1 epitope. The Rex protein was expressed from pL3Rex (58) or from the
natural tax/rex mRNA, using plasmid BSTR-3, which contained the viral 5" LTR
and exons 1, 2, and 3 (including the 3" LTR) of CS-HTLV-I, cloned into
pBluescript. The Tof coding sequence was altered by site-directed mutagenesis
(30) using as a template pTxTof, a pBluescript-derived plasmid containing a
DNA fragment (nt 4820 to 4831 linked to nt 6478 to 7223) spanning the Tof
ORF; resulting mutated sequences were transferred to LAKL3pA, generating the
plasmids specified in the legend to Fig. 3. Plasmid pLsp21Rex contained a DNA
fragment (nt 6985 to 7472) encoding p21%°*. Truncated forms of Tof and Rex
(2NTof and ANTof, initiating at amino acids 71 and 99 of Tof, respectively;
ANRex, initiating at amino acid 19 of Rex) were generated by PCR using sense
oligonucleotide primers encoding an initiator methionine followed by the indi-
cated protein sequences; resulting PCR products were cloned into LdKL3pA.
Plasmids pLsNRex and pLs2NRex encoded Tof-Rex hybrids in which the amino-
terminal 18 amino acids of Rex were replaced by a sequence encoding an
initiator methionine followed by the second arginine-rich domain (amino acids
90 to 99) or both arginine-rich domains (amino acids 71 to 99) of Tof, respec-
tively; these plasmids also contained a mutation changing the initiator methio-
nine of p21R* to a threonine. In plasmids pLsNp21Rex and pLs2Np21Rex, the
initiator methionine of p21R°* was replaced by a sequence encoding an initiator
methionine followed by the second or both arginine-rich domains of Tof, respec-
tively. Plasmid pLs2NGFP coded for a derivative of Aequorea victoria green
fluorescent protein (GFP) containing the two arginine-rich domains of Tof
(amino acids 71 to 99) at its amino terminus. PCR amplifications were carried
out by using Vent DNA polymerase (New England Biolabs) in a Perkin-Elmer
GeneAmp 9600 thermal cycler. Sequences of plasmid inserts were verified by
cycle sequencing (fmol DNA Sequencing System; Promega).

Anti-Tof antibodies. As described earlier (8), a rabbit serum recognizing the
Tof protein was generated by immunizing a rabbit with a synthetic peptide
corresponding to the carboxy terminus of Tof (amino acids 225 to 241); this
serum recognized Tof in immunofluorescence but did not function in Western
blot assays. For this reason, we generated a mouse serum against Tof by using a
denatured glutathione S-transferase (GST)-Tof protein as the antigen. A PCR
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fragment encoding amino acids 71 to 177 of Tof was inserted into the GST
expression vector pGex2T (56), and the resulting plasmid was expressed in the
Escherichia coli HB101 in the presence of isopropylthiogalactopyranoside
(IPTG). The GST-Tof fusion protein was purified from bacterial lysates by using
glutathione-Sepharose (Pharmacia) as described previously (57), separated by
sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE)
through 12% gels, and visualized by staining the gels with 0.1 M KCI (17). Gel
fragments containing the GST-Tof fusion protein were pulverized, combined
with an equal volume of complete Freund’s adjuvant, and injected into the
peritoneal cavity of a 6-week-old BALB/c mouse. Following three boosts with the
antigen prepared by using incomplete Freund’s adjuvant, ascites fluid was col-
lected and tested for anti-Tof reactivity. Results of Western blot assays showed
that the ascites fluid reacted strongly against Tof and 2NTof; it showed weak
reactivity against ANTof (see Fig. 3F), and did not recognize p13'. The mouse
was sacrificed, and its spleen cells were frozen for eventual generation of anti-Tof
monoclonal antibodies.

Indirect immunofluorescence and Western blot assays. HLtat cells were trans-
fected with the eukaryotic expression plasmids described above; 1 day later, cells
were harvested for indirect immunofluorescence (see the legend to Fig. 1) or
lysed for SDS-PAGE/Western blot analysis by solubilizing the monolayers in
SDS-PAGE sample buffer. Indirect immunofluorescence was carried out with
either rabbit anti-Tof serum (8), mouse monoclonal antibody anti-AU-1
(Babco), or rabbit anti-Rex (3), followed by the appropriate fluorescein isothio-
cyanate (FITC)-conjugated second antibody (Sigma). Western blot analysis was
carried out with mouse anti-Tof, mouse anti-AU-1, or rabbit anti-Rex and an
enhanced chemiluminescence (ECL) Western blotting analysis system (Amersham).
Chemiluminescent signals were visualized by using Hyperfilm MP (Amersham).

Assay for Rex function. HLtat cells were transfected with the HTLV-1 RXRE
reporter plasmid pCgagRXRE (1) and the transfection standard pL3CAT (61) in
the absence or presence of pL3Rex, pLsp21Rex, or hybrid Rex proteins contain-
ing the arginine-rich domains of Tof. One day later, the cells were lysed by
scraping the monolayers into 100 mM Tris (pH 7.5) containing 0.5% Triton
X-100 and subjected to SDS-PAGE/Western blot analysis using anti-p24 anti-
body (Cellular Products) and the ECL Western blotting analysis system. p24S22
levels were quantitated by p24 antigen capture assay (Cellular Products). As
described earlier, pCgagRXRE contains the HIV-1 LTR and gag gene linked to
the HTLV-1 RXRE and produces Gag protein in a Rex-dependent manner (1).
Production of chloramphenicol acetyltransferase (CAT) protein was measured
by enzyme-linked immunosorbent assay (CAT-ELISA; Boehringer-Mannheim).
As reported earlier in cotransfection experiments using various transfection
standards in combination with Rex and the related proteins Rev and Tev of
HIV-1 (58), we observed that cotransfection of Rex and Rex-related plasmids
caused a reduction in CAT values that did not correlate with differences in
transfection efficiency; therefore, the p24 antigen capture data reported in the
text were not normalized for CAT production.

RESULTS

Identification of the signal directing nucleolar/nuclear tar-
geting of Tof. Selective targeting of proteins into the nucleus is
an active process in which the protein initially binds to the
nuclear pore complex, followed by opening of the pore and
passage of the protein into the nuclear interior (reviewed in
reference 53). Recognition by the pore complex requires the
presence of an NLS in the protein itself or in a carrier protein;
most of the NLSs described thus far consist of regions display-
ing a high content of positively charged amino acids (reviewed
in reference 14). Figure 1A shows the predicted amino acid
sequence of Tof coded by the HTLV-1 molecular clone CS-
HTLV-I. Examination of the Tof sequence revealed one re-
gion showing a high content of positively charged amino acids,
spanning residues 73 to 98. This region contains two arginine-
rich segments; the first includes amino acids 73 to 78 and
contains four arginines; the second spans amino acids 91 to 98
and contains five arginines. We initially tested the significance
of this region to nuclear targeting by comparing the subcellular
localization of Tof with that of p13™, a truncated ORF x-II
isoform translated from a methionine at position 155 of the
Tof protein, and of two amino-terminal deletion mutants of
Tof (2NTof and ANTof) initiating either immediately up-
stream or downstream of the arginine-rich sequences. Figure 1
shows indirect immunofluorescence assays of HLtat cells trans-
fected with plasmids expressing wild-type Tof (Fig. 1B), p13™
(Fig. 1C), or the deletion mutants (Fig. 1D and E). Fluores-
cence assays using a polyclonal rabbit serum recognizing the
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A. Tof sequence

MALCCFAFSAPCLELRSRRSCSSCFLRATSAAFFSARLLR (40)
¥ 2NTof
RAFSSSFLFKYSAICFSSSFSRSFFRFLFSSARRCRSRCV (80)
¥V ANTof
SPRGGAFSPGRPRRSRPRLSSSKDSKPSSTASSSSLSFNS (120)
¥ pi3ll
SSKDNSPSTNSSTSRSSGHGTGRHRNSPTDTKLTMLIISP (160)
LPRVWTESSFRIPSLRVWRLCTRRLVPHLWGTMFGPPTSS (200)
RPTGHLSRASDHLGPHRWTRYQLSSTVPYPSTPLLPHPEN (240)

L (241)

C. p13

FIG. 1. Subcellular localization of Tof, p13", and Tof deletion mutants. (A) Amino acid sequence of the Tof protein encoded in the HTLV-1 molecular clone
CS-HTLV-1. The two arginine-rich sequences are underlined. Sequencing of our CS-HTLV-I plasmid revealed the presence of a glutamine codon at position 222,
instead of an arginine codon as reported earlier (8). Triangles indicate the amino termini of synthetic truncation mutants 2NTof and ANTof and the initiator methionine
of p13". (B to E) HLtat cells that were transfected with plasmid pLsTof, pLsp13AU, pLsANTof, or pLS2NTof. One day after transfection, the cells were fixed for 20
min with 3.7% formaldehyde-phosphate-buffered saline, permeabilized for 10 min with 0.1% Nonidet P-40—-phosphate-buffered saline, and analyzed by indirect
immunofluorescence using rabbit anti-Tof serum followed by FITC-conjugated anti-rabbit antibody; shown are representative phase and fluorescence fields.

carboxy terminus of the x-II ORF (8) confirmed the nucleolar/
nuclear distribution of Tof (Fig. 1B), as reported earlier (8,
28). The p13™ protein showed a mixed distribution, with the
majority of the cells showing a strong punctate signal in the
cytoplasm (Fig. 1C), some cells showing a pattern of nuclear
fluorescence/nucleolar exclusion as reported earlier (Fig. 1C;
also see reference 28), and other cells exhibiting a combination
of the cytoplasmic and nuclear signals (not shown). Partial
cytoplasmic localization has also been observed for p13™ coded
by a molecular clone derived from the HTLV-I; o cell line
(16a) and suggests that its targeting to the nucleus might be
restricted to certain phases of the cell cycle.

Results obtained in assays using the two synthetic truncation
mutants of Tof indicated the importance of amino acids 71 to
98 for nucleolar/nuclear targeting. The ANTof deletion mu-
tant, which initiated at amino acid 99 and therefore lacked the
arginine-rich sequences, showed a mixed subcellular distribu-
tion, accumulating primarily in the cytoplasm of some cells and
showing a diffuse pattern in others, but did not exhibit nucle-
olar targeting (Fig. 1D). In contrast, 2NTof, which initiated at

amino acid 71 and therefore differed from ANTof only by the
presence of the two arginine-rich sequences, was efficiently
targeted to the nuclei and accumulated in the nucleoli in most
of the transfected cells (Fig. 1E). Western blot analysis of cells
transfected with the two deletion mutants confirmed their ex-
pression (see Fig. 3F).

The results obtained with the Tof deletion mutants indicated
that the arginine-rich sequences spanning amino acids 71 to 98
represented the NLS of Tof. The ability of the NLS of Tof to
change the targeting properties of a nonnuclear protein was
confirmed by attaching it to the GFP of the bioluminescent
jellyfish A. victoria (44). As shown in Fig. 2A, GFP showed a
diffuse pattern of fluorescence in transfected HLtat cells,
which was demonstrated by earlier studies to be cytosolic (46).
As shown in Fig. 2B, modification of GFP by attachment of
both arginine-rich domains of Tof at its amino terminus resulted
in efficient targeting of the resulting hybrid to nucleoli/nuclei.

To further study the contribution of the two arginine-rich
domains to nucleolar/nuclear targeting, we constructed a series
of Tof substitution mutants containing changes in each do-
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A. GFP B. 2NGFP

FIG. 2. Nucleolar/nuclear targeting of a Tof-GFP hybrid. HLtat cells were
transfected with plasmid pLsGFP, which encodes the GFP protein, or with
pLs2NGFP, which encodes a derivative of GFP containing the bipartite NLS of
Tof at its amino terminus (see Materials and Methods). Thirty-six hours later,
the cells were fixed and analyzed for GFP fluorescence.

main, as outlined in Fig. 3. Each mutant was expressed in
HLtat cells and detected by indirect immunofluorescence (Fig.
3A to E) and by SDS-PAGE/Western blotting (Fig. 3F). Mu-
tants TofP and TofPB contained substitutions in the first argi-
nine-rich segment, which contains a total of four arginines.
TofP, containing substitutions of the first two arginines (resi-
dues 73 and 74), showed a nucleolar/nuclear distribution (Fig.
3B) that was indistinguishable from that of wild-type Tof (Fig.
3A), indicating that these arginines were not necessary for
correct targeting. Mutant TofPB, containing substitutions of all
four arginines in the first NLS segment (residues 73, 74, 76,
and 78), was detected primarily in the nucleus but showed
significantly reduced nucleolar accumulation compared to
wild-type Tof or TofP (Fig. 3C). This observation indicated
that the first arginine-rich domain was necessary for efficient
targeting to nucleoli but was not necessary for nuclear import.
Mutants TofATK and TofPS were generated to test the role
of individual arginines in the second domain in nucleolar/
nuclear targeting. TofATK contained a glycine residue instead
of arginine at position 91, a change that is present in the Tof
protein coded by the ATK prototype of HTLV-1 (52). TofPS
contained the same substitutions found in TofP plus mutations
of the arginines at positions 96 and 98 to asparagine and
glycine, respectively. Both TofATK and TofPS were targeted
to nucleoli/nuclei (Fig. 3D and E), although a slightly greater
proportion of the proteins appeared to accumulate in the nu-
cleus versus the nucleoli compared to Tof of CS-HTLV-1 (Fig.
3A). These observations suggested that the arginines at posi-
tions 91, 96, and 98 were not necessary for nuclear targeting
but did promote efficient nucleolar accumulation.
Intracellular targeting of Tof-Rex and Tof-p21%** hybrid
proteins. Taken together, the targeting properties of the sub-
stitution mutants indicated that the NLS of Tof functioned as
a sum of its parts, with most of the individual arginines appar-
ently dispensable for nuclear targeting. As a means of further
characterizing the NLS of Tof, we tested its ability to replace
the NLS of the HTLV-1 Rex protein and to redirect the tar-
geting of p21%<*, Figure 4 shows results of indirect immuno-
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FIG. 3. Point mutagenesis of the Tof NLS. (A to E) Results of immunoflu-
orescence assays of HLtat cells expressing the indicated proteins, from plasmids
pLsTof, pLsTofP, pLsTofPBAU, pLsTofATKAU, and pLsTofPSAU, respec-
tively. The intact and mutant NLSs in these proteins are represented as boxes
containing the two arginine-rich (R) segments. TofP contained arginine-to-as-
paragine substitutions at residues 73 and 74. TofPB contained arginine-to-aspar-
agine substitutions at residues 73, 74, and 78 and an arginine-to-glycine substi-
tution at residue 76. TofATK contained a glycine instead of an arginine at
position 91. TofPS contained arginine-to-asparagine substitutions at residues 73
and 74 and arginine-to-glycine substitutions at residues 96 and 98. Immunoflu-
orescence assays were carried out with rabbit anti-Tof serum as described in the
legend to Fig. 1. Plasmids with the designation “AU” were tagged with a se-
quence coding for the AU-1 epitope (see Materials and Methods), the presence
of which did not affect subcellular localization of Tof (e.g., compare panel A and
Fig. 6). (F) Composite of Western blots carried out with mouse anti-Tof (see
Materials and Methods) to detect Tof and the indicated derivatives in lysates of
cells transfected with plasmid pLs2NTof, pLsANTof, pLsTofATKAU, pLsTof
PBAU, pLsTofP, pLsTofPSAU, or pLsTof. All of the proteins were electropho-
resed through SDS-15% polyacrylamide gels under identical conditions of elec-
trophoresis along with prestained protein markers (Broad Range Protein Mark-
er; New England Biolabs) as a guide for subsequent alignment of the blots. The
weak detection of ANTof in the Western blot contrasted with its strong reactivity
with rabbit anti-Tof in immunofluorescence assays (Fig. 1D); this discrepancy
probably reflects the fact that ANTof lacks the amino-terminal portion of the
antigen used to generate mouse anti-Tof.
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A. Rex

ZE I I

B. ANRex

C. NRex

D. 2NRex

I I

fluorescence assays of HLtat cells transfected with plasmids
expressing Rex, p21%*, or hybrid Rex proteins containing Tof
NLS sequences, processed by using a rabbit serum directed
against Rex; the apparent size of each protein was confirmed
by SDS-PAGE/Western blotting (see Fig. 5SA). The amino-
terminal NLS of Rex, which consists of the sequence MPK-
TRRRPRRSQRKRPPTP (37, 38, 54), directs the protein to
the nucleoli/nuclei in a pattern very similar to that of Tof
(compare Fig. 4A and 3A). The involvement of this domain in
Rex targeting was reflected by the observation that mutant
ANRex, which initiated at amino acid 19 of Rex and therefore
lacked an NLS, was distributed throughout the cell, with some
cells showing distinct nucleolar exclusion of the protein (Fig.
4B). p21®=* showed a similar diffuse distribution, although
nucleolar exclusion was not noted (Fig. 4E).

Attachment of the second arginine-rich domain of Tof to
ANRex, resulting in hybrid protein NRex, produced a slightly
more pronounced accumulation of the protein in the nucleus,
with nucleolar exclusion no longer evident (Fig. 4C). A more
obvious retargeting effect was seen when the entire NLS of Tof
was attached to ANRex, as the resulting hybrid, designated
2NRex, showed clear nuclear targeting (Fig. 4D).

The NLS of Tof functioned more efficiently in the context of
p21%e* which is translated from a methionine in position 79,
downstream to the start of ANRex. Np21%°* which contained
the second arginine-rich domain of Tof, showed a mixed dis-
tribution in both the nucleoli/nuclei and cytoplasm (Fig. 4F).
2Np21Re* carrying the entire NLS of Tof, showed primarily
nucleolar/nuclear targeting, very similar to the pattern of wild-
type Rex (Fig. 4G). Therefore, the NLS of Tof directed both
nuclear targeting and nucleolar accumulation when attached to
p21%<* but only nuclear targeting when attached to ANRex.

Functional properties of Tof-Rex and Tof-p21%°* hybrid
proteins. The amino-terminal NLS of Rex also serves as its
RNA binding domain, mediating association of the protein
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E. p21Rex
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F. Np21Rex

G. 2Np21Rex

e .

FIG. 4. Tof-Rex and Tof-p21R* hybrids. HLtat cells were transfected with
pL3Rex (58), pLsANRex, pLsNRex, pLs2NRex, pLsp21Rex, pLsNp21Rex, or
pLs2Np21Rex (see Materials and Methods) and analyzed by indirect immuno-
fluorescence using rabbit anti-Rex serum (3) followed by FITC-conjugated anti-
rabbit antibody. The following domains of Rex are indicated in the diagrams: box
with diagonal lines, the amino-terminal NLS/RNA binding domain (4, 37, 55);
black box, multimerization domain (5, 60); black-and-white box, activation do-
main (23). The second arginine-rich domain of Tof is represented by RRRRR;
the entire Tof NLS is represented by RRRR—RRRRR.

with its RNA target, the RXRE (4). Having demonstrated that
the NLS of Tof was able to replace that of Rex at the level of
nuclear targeting, we were interested in determining whether it
could also mediate activation of a Rex/RXRE-dependent
mRNA. To test this, HLtat cells were transfected with the
Rex-dependent reporter plasmid pCgagRXRE in the absence
or presence of Rex, p21%°*, or the hybrids containing the Tof
NLS. Lysates of the cells were subjected to SDS-PAGE/West-
ern blotting to detect the Rex and Gag proteins; results of a
representative experiment are shown in Fig. 5. The anti-p24922
Western blot shown in Fig. 5B demonstrated that Gag protein,
detected primarily in its uncleaved 55-kDa precursor form, was
produced in cells that were cotransfected with Rex, as well as
in cells that were cotransfected with NRex or 2NRex (Fig. 5B,
lanes 2 and 6 to 9). These results demonstrated that the NLS
of Tof was indeed able to functionally replace the amino-
terminal domain of Rex at the level of interaction with the
RXRE. Results of control transfections showed that the
amount of Rex plasmid used, 0.5 pg, produced amounts of Rex
protein that were sufficient to reach a maximal plateau of Gag
protein production (data not shown). In contrast, production
of Gag protein in the presence of NRex and 2NRex was aug-
mented in transfections using 2.5 pg of their expression plas-
mids, indicating that compared to Rex, NRex and 2NRex must
be present in higher concentrations within the cell in order to
effectively rescue the RXRE-containing mRNA (Fig. 5B, lanes
7 and 9). No induction of Gag protein production was detected
in cells transfected with 2.5 g of plasmids expressing ANRex,
p218ex Np21R<* 2Np21R<*, or Tof itself (Fig. 5, lanes 3 to 5;
data for ANRex and Tof are not shown). Quantitation of Gag
protein by p24©2¢ antigen capture assay revealed the following
levels of induction of Gag protein production: 383-fold in the
presence of 0.5 ng of Rex plasmid, 59-fold in the presence of
2.5 ng of NRex plasmid, and 60-fold in the presence of 2.5 pg
of 2NRex plasmid.
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FIG. 5. Functional assay of Tof-Rex and Tof-p21Rex hybrids. (A) Western
blot analysis of HLtat cells cotransfected with pCgagRXRE and pL3CAT (as a
standard for transfection efficiency [61]) in the presence of pL3Rex (0.5 pg),
pLsp21Rex (2.5 ng), pLsNp21Rex (2.5 pg), pLs2Np21Rex (2.5 pg), pLsNRex
(0.5 or 2.5 pg), or pLs2NRex (0.5 or 2.5 pg) (lanes 2 to 9). Lane A shows a
transfection with pLSANRex in the absence of pCgagRXRE and pL3CAT.
Wild-type and hybrid Rex proteins were electrophoresed through an SDS-15%
polyacrylamide gel and subjected to Western blot analysis using rabbit anti-Rex
serum (3) and the ECL Western blotting detection system. Indicated in the left
margin are positions of prestained protein standards (Rainbow protein molecu-
lar weight markers; Amersham). (B) Lanes 2 to 9 show an anti-p245%¢ Western
blot of the samples corresponding to lanes 2 to 9 of panel A. Lane 1 contains a
lysate of HLtat cells cotransfected with pCgagRXRE and pL3CAT in the ab-
sence of Rex. Gag protein production was detected using an anti-p2492¢ mono-
clonal antibody (Cellular Products).

Effect of treatment with actinomycin D on the subcellular
distribution of Tof. Although detected primarily in the nucleoli
and nuclei, Rex is known to shuttle between the nucleus and
the cytoplasm (29, 59), presumably reflecting its functional role
as a cofactor in the nuclear-cytoplasmic transport of RXRE-
containing mRNAs. We were interested in determining if Tof
possessed such shuttling properties. One way to analyze the
nuclear export leg of the shuttling process and to distinguish
between shuttling and nonshuttling proteins is to test their
responses to treatment with actinomycin D (actD), an inhibitor
of RNA synthesis that is known to disrupt nuclear retention of
shuttling proteins, including Rex (29, 59) and Rev of HIV-1
(12, 24, 35, 45). Figure 6 shows immunofluorescence assays of
HLtat cells that were transfected with a plasmid expressing Tof
or Rex and then incubated for 4 h in the absence or presence
of 10 pg of actD per ml, a concentration sufficient to inhibit
synthesis of both rRNA by RNA polymerase I and mRNA by
RNA polymerase II (42). Fluorescence images of the actD-
treated cells showed that Rex underwent a partial redistribu-
tion of its compartmentalization from the nucleoli/nuclei to the
cytoplasm, as expected for a shuttling protein that is exported
from the nuclear compartment. In contrast, Tof was not re-
leased into the cytoplasm in the presence of actD but remained
sequestered in the nucleus in numerous small speckles that
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might represent remnants of nucleoli. Therefore, although Rex
and Tof had similar nucleolar/nuclear import pathways and
despite the fact that the NLS of Tof was functionally inter-
changeable with the NLS/RNA binding domain of Rex, an
involvement of Tof in Rex-like control of mRNA transport
appeared to be unlikely.

Rex-dependent expression of Tof from the 1-2-B mRNA. In
previous studies, the Tof protein was detected by transfecting
cells with eukaryotic expression plasmids containing the Tof
coding sequence and driven by the HIV-1 LTR (8) or human
cytomegalovirus promoter (28). We generated a plasmid en-
coding the entire multiply spliced 1-2-B Tof mRNA and tested
its ability to produce Tof protein and its possible dependence
on Rex for efficient expression. This plasmid, designated pBS1-
2-B, was transfected into HLtat cells in the absence or pres-
ence of the Tax expression plasmid pLCXL (8), needed to
promote efficient transcription from the viral LTR, and the
Rex expression plasmid pL3Rex (58). Expression of the 1-2-B
mRNA was monitored by Northern analysis using a probe
specific for fof sequences, and production of Tof protein was
detected by Western blotting and indirect immunofluorescence
using Tof-specific antibodies. The Northern blot shown in Fig.
7A demonstrated that the Tof mRNA was not detected in cells
that were transfected with pBS1-2-B alone, as expected for an
LTR-driven gene (Fig. 7A, lane 1). Surprisingly, cells trans-
fected with both pBS1-2-B and Tax also failed to express de-
tectable levels of the Tof mRNA (Fig. 7A, lane 2); only cells
that had been cotransfected with pBS1-2-B and both the Tax
and Rex expression plasmids contained the 2.3-kb 1-2-B
mRNA (Fig. 7A, lane 3). Immunoblotting assays revealed the
presence of the 30-kDa Tof protein band only in lysates of cells
that had received all three plasmids (data not shown). Anti-Tof
immunofluorescence assays confirmed that cells transfected
with pBS1-2-B alone failed to produce detectable levels of Tof
protein (i.e., no Tof-positive cells were observed [data not
shown]). Immunofluorescence assays of cells transfected with
pBS1-2-B and the Tax expression plasmid revealed a few cells
that were able to express low levels of Tof. Figure 7B (panel 2)
shows an example of a field containing a single cell expressing
Tof at low levels; the ability to detect Tof expression in trans-
fections that had tested negative by Western blotting and
Northern analysis reflected the high sensitivity of the immu-
nofluorescence technique to detect proteins that are concen-
trated in the nucleoli/nuclei. In contrast, many cells expressing
readily detectable levels of Tof protein were observed when
pBS1-2-B was cotransfected with both the Tax and Rex expres-
sion plasmids, as shown in panel 3 of Fig. 7B. Taken together,
these data demonstrated that the Tof mRNA required Rex for
efficient expression at both the RNA and protein levels. This
property is shared by the unspliced and singly spliced mRNAs
encoding the structural proteins of HTLV-1, which are ex-
pressed during the later stages of viral replication (21).

DISCUSSION

The present study was aimed at finding clues to the possible
functional significance of the Tof protein of HTLV-1 by using
as a starting point its accumulation in nucleoli/nuclei, a prop-
erty shared with essential retroviral regulatory proteins such as
Rex and the Tat and Rev proteins of HIV (11, 49, 54, 55). We
mapped the signal directing Tof to nucleoli and demonstrated
that the sequence was able to replace the amino-terminal NLS/
RNA binding domain of Rex, both at the level of nuclear
targeting and as an RNA binding domain capable of interact-
ing with the RXRE and rescuing a Rex-dependent mRNA.
Although these findings suggested that Tof and Rex had func-
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Rex

FIG. 6. Effect of actD on the intracellular distribution of Tof and Rex. HLtat cells were transfected with the Tof expression plasmid pLsTofAU or the Tax/Rex
expression plasmid pBSTR-3 (see Materials and Methods). Twenty hours later, the cells were incubated for an additional 4 h in the absence or presence of 10 ug of
actD (Sigma) per ml and then harvested for indirect immunofluorescence using rabbit anti-Tof or rabbit anti-Rex serum.

tionally analogous NLS/RNA binding domains and that Tof
itself may function as a regulator of RNA expression, Tof did
not display the nuclear-cytoplasmic shuttling properties of a
Rex-like RNA transport chaperone on the basis of its retention
in the nucleus in response to treatment with actD. Expression
of Tof from the complete 1-2-B mRNA containing all coding
and noncoding portions was found to be dependent on both
Tax and Rex, indicating a possible role for the protein in the
later stages of viral replication.

The NLS of Tof was mapped to amino acids 71 to 98 and
consisted of two arginine-rich domains (amino acids 73 to 78
and 91 to 98) separated by a 12-amino-acid spacer (Fig. 1). The
targeting activity of this sequence was demonstrated by its
efficiency in redirecting GFP from the cytoplasm to the nucle-
oli/nuclei (Fig. 2). The interdependence of the individual ar-
ginine residues in the two domains for nucleolar/nuclear tar-
geting was demonstrated by a series of mutant Tof proteins
containing point mutations. The second arginine-rich domain
was shown to be sufficient for efficient nuclear targeting (mu-
tant TofPB [Fig. 3C]). Arginines 73, 74, 91, 97, and 98 did not
appear to be involved in nuclear targeting but promoted nu-
cleolar accumulation (Fig. 3B, D, and E). By a process of
elimination, arginines 93 and 94 remain as potentially essential
for nuclear targeting.

Bipartite NLSs similar to that of Tof have previously been
found in other nuclear proteins and are characterized by the
presence of two clusters of positively charged amino acids
separated by a spacer region of approximately 10 residues
(reviewed in reference 14). Characterization of the NLS of the
Xenopus protein nucleoplasmin showed that both clusters are
important for nuclear targeting, while mutations within the
spacer region do not affect NLS function (47). Although our
data indicate that the nine arginine residues within the Tof
NLS work in an interdependent manner determining efficient
nucleolar accumulation, the group of five arginines in the sec-
ond domain are clearly sufficient for nuclear targeting.

Attachment of the NLS of Tof at the amino terminus of
p21%e* or its substitution for the amino terminal NLS of Rex
conferred different targeting properties to the resulting hy-
brids. While attachment of the second arginine-rich domain to
p21Re* (Np21R= [Fig. 4F]) resulted in partial nuclear target-
ing, the corresponding Rex hybrid (NRex [Fig. 4C]) showed
little change in distribution compared to ANRex, which lacked

the first 18 amino acids of Rex (Fig. 4B). Likewise, the entire
bipartite NLS of Tof acted as an efficient nucleolar/nuclear
targeting signal in the context of p21%°* (2Np21R°* [Fig. 4G])
but directed nuclear targeting, but not nucleolar accumulation,
of the Rex hybrid 2NRex (Fig. 4D). These observations suggest
that the sequences of Rex between amino acids 19 and 79 (the
initiator methionine of p21%°*) influence the subcellular tar-
geting properties of the protein. This region contains a mul-
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2. pBS 1-2-B + Tax
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28S-!
- 3. pBS 1-2-B + Tax + Rex
18S-
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Gel Blot

FIG. 7. Expression of Tof from the 1-2-B mRNA. HLtat cells were trans-
fected with plasmid pBS1-2-B in the absence or presence of Tax and Rex
expression plasmids. One day later, cells were harvested for Northern analysis or
indirect immunofluorescence. (A) Northern analysis of total RNA isolated from
cells transfected with the following plasmids: lane 1, pBS1-2-B; lane 2, pBS1-2-B
and the Tax expression plasmid pLCXL (8); lane 3, pBS1-2-B, pLCXL, and the
Rex expression plasmid pL3Rex. Total RNA was isolated using RNAzol as
specified by the manufacturer (Cinna/Biotecx), separated by denaturing electro-
phoresis through an agarose gel, transferred to a nylon membrane (Qiabrane;
Qiagen), and hybridized to a DNA probe to detect the Tof mRNA. The probe
was produced by PCR amplification of HTLV-1 nt 4820 to 4831 joined to nt 6478
to 6948, using plasmid pLsTofAU as a template, and was 3?P-labeled by the
random priming method (Random Primed DNA Labeling Kit; Boehringer
Mannheim). (B) Anti-Tof immunofluorescence assays of cells transfected with
pBS1-2-B and pLCXL (panel 2) or with pBS1-2-B, pLCXL and pL3Rex (panel
3). Cells transfected with pBS1-2-B alone did not produce detectable amounts of
Tof (not shown).
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timerization domain spanning amino acids 54 to 69 that was
identified in studies of Rev-Rex chimeras (60) and in experi-
ments based on a two-hybrid system approach (5). Results of
the functional assays of the Tof-p21%°* and Tof-Rex hybrids
confirm the importance of sequences between amino acids 19
and 79 of the Rev protein for activation of the RXRE (Fig.
5B). Although 2Np21R®** exhibited a nucleolar/nuclear distri-
bution very similar to that of Rex, the protein was unable to
transactivate the RXRE. In contrast, both NRex and 2NRex
were functionally active (Fig. 5B), even though they were not
very efficiently retained in the nucleus and did not appear to
accumulate in nucleoli. The lack of functional activity of the
p21%e* hybrid probably reflects the absence of the multimer-
ization domain.

The finding that NRex and 2NRex were able to activate a
RXRE-containing mRNA suggests that the NLS of Tof may
function as an RNA binding domain within the context of Tof
and leads to the proposal that the protein plays a functional
role in the metabolism of cellular or viral mRNAs. We are
currently testing whether Tof interacts with the RXRE or with
a cellular RNA. Cotransfection assays performed with Tof
expression plasmids indicated that Tof does not possess a Rex-
like ability to activate the RXRE (8); however, this result does
not exclude the possibility that Tof binds to the RXRE but
displays a function that is distinct from that of Rex.

An important question is whether the ability of the Tof NLS
to replace that of Rex reflects specific properties of the two
arginine-rich segments. Would any positively charged NLS
confer functional activity when substituted for the amino-ter-
minal domain of Rex? A recent analysis of Rex function tested
a Rex hybrid analogous to NRex and 2NRex, in which the
amino-terminal 19 amino acids of the protein were replaced by
the NLS (P-K-K-K-R-K-V) of the simian virus 40 large T
antigen (25). Interestingly, although this hybrid showed nu-
clear targeting, it was unable to bind to RXRE in vitro and was
functionally inactive in vivo; instead, the hybrid acted as a
transdominant inhibitor of Rex function, a property that the
investigators mapped to the activation domain of Rex. It is
particularly noteworthy that the T-antigen NLS contains five
positively charged amino acids, equal to the number of argi-
nines present in the second arginine-rich domain of Tof, which
was able to efficiently replace the NLS of Rex in hybrid NRex.
The failure of the T-antigen signal to direct binding to or
activation of the RXRE provides indirect evidence that prop-
erties observed for the Tof NLS are indeed specific and rele-
vant to the function of the protein.

The ability of the NLS of Tof to functionally replace that of
Rex initially suggested a possible involvement of Tof in Rex-
like posttranscriptional nuclear-cytoplasmic transport of either
cellular or viral mRNAs. However, comparative analyses of the
trafficking properties of Tof and Rex carried out in actD-
treated cells revealed a clear difference between Tof and Rex
in the nuclear export/retention portion of the trafficking path-
way, since Tof remained sequestered in the nucleus upon actD
treatment, while Rex showed a distinct relocalization to the
cytoplasm (Fig. 6). Therefore, while Rex is able to travel back
and forth between the nucleus and the cytoplasm, a property
that is presumed to be connected to its function in mRNA
transport, Tof appears to remain stably associated with nucle-
olar/nuclear components. Although these observations suggest
that Tof probably is not directly involved in a Rex-like RNA
export pathway, we cannot exclude that the protein is involved
in some as yet undescribed transport pathway that is not af-
fected by actD treatment.

The observation that expression of the 1-2-B mRNA encod-
ing Tof is dependent on Rex represents the first instance of a
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multiply spliced HTLV-1 mRNA under such posttranscrip-
tional control (Fig. 7). An important aspect of this analysis is
that we tested expression of an mRNA that was transcribed in
its fully spliced form, rather than being derived by splicing of
the full-length viral transcript as would be the case during a
cycle of viral replication. Therefore, the Rex dependence that
we observed must have been exerted at some point after splic-
ing, presumably at the level of transport/stabilization, as indi-
cated by other studies of Rex and Rev (reviewed in references
6, 31, and 41). One possibility is that the Rex-RXRE interac-
tion is necessary to overcome the effects of inhibitory elements
within the mRNA, analogous to intragenic inhibitory se-
quences that are known to confer Rev dependence to the gag
and env mRNAs of HIV (10, 32, 51). Such inhibitory sequences
might be located in the proximal portion of exon B, which is
absent from the 1-2-3 mRNA; experiments to test this possi-
bility are under way.
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