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The bovine immunodeficiency virus (BIV) Rev protein (186 amino acids [aa] in length) is involved in the
nuclear exportation of partially spliced and unspliced viral RNAs. Previous studies have shown that BIV Rev
localizes in the nucleus and nucleolus of infected cells. Here we report the characterization of the nuclear/
nucleolar localization signals (NLS/NoLS) of this protein. Through transfection of a series of deletion mutants
of BIV Rev fused to enhanced green fluorescent protein and fluorescence microscopy analyses, we were able to
map the NLS region between aa 71 and 110 of the protein. Remarkably, by conducting alanine substitution of
basic residues within the aa 71 to 110 sequence, we demonstrated that the BIV Rev NLS is bipartite, maps to
aa 71 to 74 and 95 to 101, and is predominantly composed of arginine residues. This is the first report of a
bipartite Rev (or Rev-like) NLS in a lentivirus/retrovirus. Moreover, this NLS is atypical, as the length of the
sequence between the motifs composing the bipartite NLS, e.g., the spacer sequence, is 20 aa. Further
mutagenesis experiments also identified the NoLS region of BIV Rev. It localizes mainly within the NLS spacer
sequence. In addition, the BIV Rev NoLS sequence differs from the consensus sequence reported for other viral
and cellular nucleolar proteins. In summary, we conclude that the nucleolar and nuclear localizations of BIV

Rev are mediated via novel NLS and NoLS motifs.

Bovine immunodeficiency virus (BIV) is a lentivirus of the
Retroviridae family which shares morphological, genetic, anti-
genic, and/or biologic properties with human immunodefi-
ciency virus type 1 (HIV-1) and other animal lentiviruses in-
cluding equine infectious anemia virus (EIAV) (22, 23, 68).
Although the association of clinical diseases with BIV is still
controversial, persistent lymphocytosis, neurological disorders
associated with central nervous system lesions, weight loss,
diminished milk production, lymphoid hyperplasia, and the
presence of opportunistic bacterial infections have been asso-
ciated with BIV infection (5, 47, 57, 70). Interestingly, studies
of rabbits experimentally infected with BIV have shown the
development of a disease characterized by a fatal dysfunction
of the immune system similar to that observed in humans,
nonhuman primates, and cats infected with HIV-1 (or HIV-2),
simian immunodeficiency virus, and feline immunodeficiency
virus, respectively (34, 35).

BIV is categorized as a complex nonprimate lentivirus (68).
The BIV provirus DNA is 8,960 nucleotides in length with a
typical retroviral genomic structure containing the gag, pol, and
env genes flanked by long terminal repeats of 589 nucleotides
in length at the 5" and 3’ termini (23, 68). In proximity to the
poljenv junction, the BIV genome also contains additional
open reading frames that may encode nonstructural regulatory/
accessory proteins (23, 68). These open reading frames are
designated vif (viral infectivity factor), tat (trans-activator fac-
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tor of transcription), rev (regulator of virus expression), vpw,
vpy, and tmx. Only the Tat and Rev proteins have been re-
ported to regulate viral expression at the transcriptional and
posttranscriptional levels, respectively (21-23, 68). Among the
latter proteins, only the Tat protein and its transactivator re-
sponse element (TAR) located within the long terminal repeat
sequence have been intensively studied (3, 6, 10, 19, 58, 60, 72).

BIV Rev is a 23-kDa (186-aa-long) phosphoprotein pro-
duced from a multiply spliced mRNA that contains the un-
translated leader (exon 1) and two encoding exons (exons 2
and 3) (55). It has been shown previously that BIV Rev local-
izes to the nucleus and nucleoli of BIV-infected cells (56). As
reported for HIV-1 Rev, BIV Rev mediates the nuclear expor-
tation of partially spliced viral RNAs encoding structural pro-
teins and of unspliced RNAs that serve as genomic RNA by
interacting with a stem-loop structure termed Rev-responsive
element (RRE) present in these RNAs (59). The Rev proteins
contain at least three central functional domains: a basic argi-
nine-rich domain that mediates RNA binding (RBD) and con-
tains the nuclear/nucleolar localization signal (NLS/NoLS), a
multimerization domain, and a leucine-rich domain that is
necessary for the nuclear exportation of Rev (51, 59).

In HIV-1, the Rev protein shuttles between the nucleus and
the cytoplasm of the infected cells via the importin/exportin
proteins or nucleoporin pathway (59). The shuttling of HIV-1
Rev into the nucleus is mediated by the direct binding of Rev
NLS to the nuclear transport receptors, mainly importin (3 but
also transportin, importin 5, and importin 7 (2). This mecha-
nism differs from the classical protein importation o/ pathway
where importin « serves as an adaptor that links the protein
and importin B1 and recognizes NLSs within the proteins.
Importin a recognizes two types of NLSs: the classical mono-
partite NLSs and the bipartite NLSs that are composed, re-
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spectively, of one or two clusters of basic amino acids (pre-
dominantly lysine residues) (40). Monopartite NLSs are
currently categorized in five different classes on the basis of
amino acid composition and of their interaction with importin
a (38). One well-known example of a class 1 monopartite NLS
is that of the simian virus 40 large T antigen (PKKKRRYV) (33,
38). Bipartite NLSs are less diversified, as they are classified
into two main types (long and short) according to the length of
the so-called spacer region, which refers to the number of
amino acids between the motifs that compose the NLS (63).
An example of a bipartite NLS is the short-type NLS of the
nucleoplasmin protein with a spacer region of 10 aa (62). The
long-type bipartite NLS with a spacer of 30 aa is exemplified by
the HnRNP1 protein (63).

The NLS motifs of numerous Rev or Rev-like proteins have
been characterized so far including those of Rev HIV-1, feline
immunodeficiency virus, simian immunodeficiency virus, and
EIAV and of Rev-like family members such as the mouse
mammary tumor virus Rem, the endogenous retrovirus human
endogenous retrovirus K Rec, and the human T-cell leukemia
virus type 1 (HTLV-1) Rex (31, 36, 41, 46, 51, 59, 73). These
NLSs are all monopartite structures, and based on their amino
acid composition, they are nonclassical because they contain
clusters of basic amino acids, mainly arginine residues (28, 41,
45). Moreover, importin «, as mentioned above, is not involved
in the recognition of HIV-1 Rev NLS (2, 52, 69). In addition to
the NLS, HIV-1 and certain Rev-like proteins contain an
NoLS that mediates the accumulation of Rev in nucleoli (7,
39). These NoLSs correspond to one or multiple copies of the
R/K-R/K-X-R/K consensus sequence (17).

Little is known on the exact location and amino acid com-
position of the BIV Rev functional domains. This is undoubt-
edly of interest as the BIV Rev amino acid sequence does not
display a high degree of homology with that of other lentiviral
Rev proteins. Here, we have determined the localization of the
NLS and NoLS regions of BIV Rev. By generating a series of
deletion and single point mutants, we have mapped a bipartite
NLS in a Rev protein for the first time in a lentivirus. We found
that BIV Rev NLS is atypical, as it harbors a 20-aa spacer
sequence between the motifs that compose the NLS. We also
identified the BIV Rev NoLS, which also differs from the
NoLSs previously described in any viral or cellular proteins in
terms of amino acid composition and/or its location in the
spacer region of the bipartite NLS.

MATERIALS AND METHODS

Cell cultures and transfections. HEK 293T, Cf2Th, MDBK, and Vero cells
were maintained at 37°C in a humidified atmosphere of 5% CO, in Dulbecco’s
modified Eagle’s medium (Invitrogen, Carlsbad, CA) supplemented with 10%
fetal bovine serum (PAA Laboratories, Inc., Etobicoke, Ontario, Canada). Cell
transfections were done in six-well cell culture plates seeded to a cell density of
~50% confluence. The next day, plasmids were mixed with the FuGENE HD
transfection reagent (Roche, Indianapolis, IN) and added to the cells according
to the manufacturer’s protocol.

Construction of Rev deletion mutants. Rev mutants (M1 to M9) containing
internal deletions were generated by PCR-ligation-PCR mutagenesis (1). Briefly,
upstream and downstream blunt-ended cDNA fragments of each mutant were
amplified from pcDNA3.1BIVRevWT (wild type [WT]) with appropriate phos-
phorylated primers (sequences available upon request). Fragments were gel
purified and ligated to the corresponding upstream fragment. Ligation products
were then amplified by using the forward Rev5’ (5'-ATGGATCAGGACCTAG
ACCGCGC-3') and reverse Rev3’ (5'-TTTTGTTCCCTGGATCCATCC-3")
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primers. The generated PCR products were cloned into pBluescript KS(+)
(Stratagene, La Jolla, CA). The N-terminal (M1) and the C-terminal (M9)
mutants were PCR amplified using a forward primer (containing an ATG initi-
ation codon) and a reverse primer (containing a stop codon), respectively. All
constructs were confirmed by DNA sequencing through the McGill University
Sequencing Services (Montréal, Québec, Canada).

Rev fusion proteins. To generate proteins containing c-Myc and six-histidine
tags fused to the C terminus of Rev, BIV Rev WT and the deletion mutants were
amplified by PCR from the pBluescript KS(+) constructs described above with
primers that introduced 5’ Notl and 3’ Apal restriction sites. Digested PCR
products were cloned into the pcDNA3.1Myc/HisB expression vector (Invitro-
gen) and sequenced for validation. To generate enhanced green fluorescent
protein (EGFP) fusion proteins, the Rev sequences were amplified by PCR from
the WT and deletion constructs with primers that introduced 5’ Xhol and 3’
Apal restriction sites. The PCR products were digested with XhoI and Apal and
subsequently cloned into the corresponding restriction sites in the pEGFP-C1
vector (Clontech, Palo Alto, CA) to generate pEGFP-BIVRevWT and pEGFP-
BIVRev mutant constructs. To generate the EGFP-NLS BIV, the region con-
taining the putative NLS of BIV (aa 71 to 110) of Rev WT was amplified by PCR
and cloned in pEGFP-C1 as described above.

The Rev A constructs targeting selected regions of the BIV Rev WT were
generated as described for the Rev deletion mutants by using appropriate phos-
phorylated primers (sequences available upon request). The resulting PCR prod-
ucts were directly cloned into pEGFP-C1. The Rev delta (A) constructs were as
follow: Rev Al (deletion of 7"RARK’ residues), Rev A2 (deletion of 7’RR%"
residues), Rev A3 (deletion of RRKQERR'"! residues), and Rev A4 (deletion
of 17RR!® residues) (see Fig. 4A). Alanine substitution mutants were gener-
ated by site-directed mutagenesis using appropriate primers and were introduced
into the EGFP-Rev protein (Table 1). All constructs were validated by DNA
sequencing.

Red fluorescence fusion proteins. To generate the red fluorescent protein
(RFP) in fusion with other proteins, the sequence of RFP cDNA was amplified
by PCR from pDSRED2-N1 (Clontech) by using primers that introduced 5’
Nhel and 3’ Xhol restriction sites. To clone the RFP, the pEGFP-C1 vector
(Clontech) was digested with NheI and Xhol to replace the EGFP sequence with
RFP. The resulting plasmid was designated pRED-C1. To generate the nucleo-
lin, fibrillarin, and B23.1 versions of pRED-C1, the corresponding cDNAs were
obtained by using Kpnl and BamHI restriction enzymes from plasmids pEGFP-
ClNucleolin, pEGFP-ClFibrillarin, and pEGFP-C1B23.1 (16), which were
kindly provided by Julian A. Hiscox (University of Leeds, Leeds, United King-
dom). The nucleolin, fibrillarin, and B23.1 fragments were then subcloned into
PRED-CI1 previously digested with Kpnl and BamHI restriction enzymes. All
constructs were validated by DNA sequencing.

Indirect immunofluorescence assay. Cells cultured on coverslips in six-well cell
culture plates were transfected with the respective expression vectors. After an
incubation of 48 h, the transfected cells were fixed with 4% paraformaldehyde in
phosphate-buffered saline (PBS, pH 7.3) solution for 15 min, permeabilized with
0.2% Triton X-100 for 10 min, blocked with 4% bovine serum albumin in PBS for
1 h at 37°C, and then incubated with mouse primary anti-Myc antibodies (1
wg/ml; Roche) for 1 h at 37°C. After three washes with PBS containing 0.2%
Triton X-100, the cells were incubated with Alexa 488- or Cy3-labeled anti-
mouse secondary antibodies (Invitrogen) for 1 h at 37°C. Nuclei were counter-
stained with DAPI (4',6-diamidino-2-phenylindole; Sigma-Aldrich, St. Louis,
MO). The coverslips were then mounted on glass slides using ProLong Gold
antifade reagent (Invitrogen). The fluorescence images were taken with an
Eclipse Ti fluorescent microscope (Nikon) equipped with a 60X 0.75-numerical-
aperture objective lens. Images were captured as 8-bit tagged image file format
files with a Scion CFW-1608C camera. All images were analyzed with the Im-
age-J software (61). For each protein examined, 50 positive cells were observed.
The data shown below were representative, from three independent experiments,
of expression patterns observed in >70% of the cells.

Fluorescence and confocal microscopy. Cells cultured on coverslips in six-well
cell culture plates were transfected with each of the respective pPEGFP and pRed
expression constructs. After 24 h of incubation, for certain samples, 5 nM of
leptomycin B (LMB; Sigma-Aldrich) was added to the cell culture medium for
4 h. The cells were fixed for nuclear staining and mounted as described above.
The fluorescence images were captured as described above. For confocal mi-
croscopy analysis, the cells were cultured on glass chamber slides (Thermo
Fisher, Ottawa, Ontario, Canada). Unfixed cells were examined 24 h after trans-
fection. The images were taken using an inverse microscope (Nikon TE-300)
coupled to the confocal Bio-Rad MRC-1024ES system. All images were analyzed
with the Image-J software. For each protein examined, 50 expressing cells were
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TABLE 1. Listing of the BIV Rev mutant proteins®

Mutation at residue:

Mutant
7IR 73R 74K 79R 80R 85K 88R 9R

96R 97K 100 101R 107R 18R 154 156K 157R

Mut 1 A

Mut 2 A A

Mut 3 A A

Mut 4 A

Mut 5 A
Mut 6

Mut 7

Mut 8

Mut 9

Mut 10

Mut 11

Mut 12

Mut 13

Mut 14

Mut 15 A A A

Mut 16 A
Mut 17 A A

Mut 18

Mut 19 A
Mut 20 A A A

Mut 21

Mut 22 A A A
Mut 23 A A A

Mut 24 A

Mut 25 A A A
Mut 26 A A A A

> >

> >
> >

A

> > >

> > >

“ The indicated arginine (R) and lysine (K) residues in the BIV Rev sequence were changed to alanine (A) residues.

observed. The data shown below were representative, from three independent
experiments, of expression patterns observed in >70% of cells.

CAT assay. Rev nuclear export activity was quantified in transient-transfection
assays using a pDM138-based BIV Rev chloramphenicol acetyltransferase
(CAT) reporter construct. The minimal region of BIV RRE (50) was cloned into
the clal site of plasmid pDM138 (30) (a generous gift of Yuying Liang from
Emory University) to generate pRRE-BIV, the sequence of which was validated
by sequencing. 293T cells were seeded in 12-well cell culture plates and then
cotransfected the next day with 0.5 pg of empty pcDNA3.1 Myc/HisB or
pEGFP-CI1 or each of the pcDNA3.1 Myc/HisB or pEGFP constructs encoding
either Rev WT or each of the Rev mutants, 0.5 ug of pRRE-BIV, and 0.2 pg of
Rous sarcoma virus B-galactosidase plasmid (Fisher Scientific, Nepean, Ontario,
Canada). The Rous sarcoma virus 3-galactosidase plasmid was used as a control
for transfection efficiency and normalization of data. Cells were harvested at 48 h
following transfection and lysed with the lysis buffer (CAT enzyme-linked im-
munosorbent assay kit; Roche). The amount of CAT in 50 pg of total cellular
proteins was determined using the CAT enzyme-linked immunosorbent assay kit.
B-Galactosidase activity of each cell extract was determined by incubating 50 pg
of proteins with 50 pl of B-galactosidase assay buffer (100 mM sodium phosphate
buffer, pH 7.3, 2 mM MgCl,, 10 mM B-mercaptoethanol, and 133 mg/ml
o-nitrophenyl-p-p-galactopyranoside) for 30 min at 37°C. The reaction was
stopped by the addition of 150 pl of 1 M sodium carbonate. Colorimetric
reaction was measured at 410 nm in a microplate reader (model 550; Bio-Rad).
CAT expression data were normalized through the establishment of a ratio using
B-galactosidase activity for each sample. Rev activity was defined as the ratio of
CAT quantity obtained in cells transfected with the plasmids containing BIV
RRE and Rev WT- or Rev mutant-encoding sequences to that obtained in cells
transfected with the BIV RRE-containing plasmid alone. All cell transfections
were performed in triplicate, and the experiments were repeated three times.
Statistical analysis was performed using a two-tailed ¢ test.

SDS-polyacrylamide gel electrophoresis and Western blot analyses. Cell ex-
tracts were prepared as described previously (67). Total cell protein concentra-
tions were quantified with the DC protein assay (Bio-Rad). For each sample, 50
ng of total cell extract was electrophoretically separated onto 12 or 15% sodium
dodecyl sulfate (SDS)-polyacrylamide gels and transferred to nitrocellulose
membranes. The membranes were blocked in PBS-T (PBS containing 0.05%
Tween 20) in the presence of 5% nonfat dry milk powder for 1 h at room
temperature. The membranes were incubated for 1 h at room temperature with

mouse monoclonal primary antibodies specific to either GFP (Roche), Myc
(Roche), or glyceraldehyde-3-phosphate dehydrogenase (Sigma-Aldrich). Fol-
lowing incubation with the antibodies, membranes were washed three times with
PBS-T and incubated for 1 h (at room temperature) with anti-mouse horseradish
peroxidase-conjugated immunoglobulin Gs (Bethyl, Montgomery, TX) used as
secondary antibodies. The signal was detected by enhanced chemiluminescence
(Perkin-Elmer, Boston, MA). The membranes were then exposed to Kodak
Biomax Light-1 films.

RESULTS

BIV Rev fused to EGFP predominantly localizes to the nu-
cleoli. As reported in a previous study, BIV Rev localizes
predominantly into the nucleus and nucleoli of infected cells as
determined by immune gold staining (56). To confirm the
intracellular distribution of BIV Rev, HEK 293 cells were
cotransfected with plasmids pEGFP-RevWT, encoding EGFP
in fusion with BIV Rev, and pDsRed, encoding the RFP used
as a total cell marker. As shown in Fig. 1A, the EGFP-Rev
fusion protein localized into the nucleus and more predomi-
nantly into the nucleoli of the transfected cells. About 5 to 10%
of the transfected cells showed the presence of Rev within the
cytoplasm, indicating a rapid nuclear transport and accumula-
tion. This distribution pattern was also observed in all other
cells tested. The predominant nucleus and nucleolus localiza-
tion pattern observed here with pEGFP-Rev was also con-
firmed by immunofluorescence where Rev was fused to the
c-Myc tag (Fig. 2C, WT panel). Finally, the main nucleolar
localization of the EGFP-Rev fusion protein was also observed
in BIV-permissive canine (Cf2Th) and bovine (MDBK) cells
(not shown) and in simian (Vero) cells, suggesting that this
localization is not species specific. Because Vero cells offer a
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FIG. 1. Nuclear and nucleolar localization of BIV Rev WT protein in fusion with EGFP (EGFP-Rev). (A) Confocal fluorescence microscopy
analyses of EGFP-Rev (in green) and DsRed (in red) proteins transiently expressed in HEK 293 cells 24 h after cell transfection. DsRed protein
was used as a whole-cell marker. The phase-contrast image of the cell is also shown. (B) Confirmation of the nucleolar localization of BIV
EGFP-Rev. Vero cells were cotransfected for 24 h with pEGFP-RevWT and either pRed-C1Nucleolin (a to d), pRed-C1B23.1 (e to h), or
pRed-ClFibrillarin (i to 1) vectors. The merge images represent the superposition of EGFP and either DsRed-Nucleolin, DsRed-B23.1, or
DsRed-Fibrillarin images. The phase-contrast images of the cells are also shown. The arrows in panels a, e, and i indicate the accumulation of
EGFP-Rev in the perinucleolar region of the cell. Nu, nucleoli. The images shown are representative of expression patterns (three independent

experiments) observed in >70% of the cells.

small nucleus/cytoplasm volume ratio and contain a small num-
ber of well-defined and easy-to-observe nucleoli, subsequent
experiments, unless otherwise specified, were conducted with
these cells.

To identify more precisely the nucleolar distribution of BIV
Rev, Vero cells were cotransfected with pEGFP-Rev and each
of the plasmids containing well-known nucleolar protein mark-
ers in fusion with DsRed, namely, nucleolin (pDsRed-Nucleo-
lin), fibrillarin (pDsRed-Fibrillarin), and B23.1 (pDsRed-B23.1).
As shown in Fig. 1B, the nucleolar distribution of BIV Rev
was similar to that of nucleolin (subpanels a to c) and of
B23.1 (subpanels e to g). In contrast, the BIV Rev did not
colocalize with fibrillarin (subpanels i to k). Finally the
results also indicated that Rev accumulates, in a significant
number of cells, at the periphery of the nucleoli (arrow in
Fig. 1B, subpanels a, e, and i), an observation previously
reported elsewhere (56).

Intracellular localization of BIV Rev deletion mutants. In
order to identify the region required for nuclear localization,
we generated a series of 20- to 30-aa-long-deletion Rev mu-
tants. The mutated Rev sequences were cloned in plasmid
PEGFP or pcDNA3.1 Myc/HisB to produce two types of Rev-
tagged proteins: the Rev-EGFP protein, in which Rev is fused
to the C-terminal end of EGFP, and the Myc/His-Rev protein,
in which Myc/His is fused to its C-terminal end (Fig. 2A).
Western blot analyses revealed that all pPEGFP constructs (Rev

WT and mutated) were expressed at comparable levels upon
transfection of Vero cells at the expected sizes (Fig. 2B). Sim-
ilar results were obtained in cells transfected with the
pcDNA3.1 Myc/His Rev WT and mutated constructs (data not
shown).

The subcellular distribution of the deletion mutant proteins
was analyzed by fluorescence microscopy. The results showed
that six of the nine Rev mutants (M1, M2, M3, M6, M7, and
M9) had a predominant nuclear/nucleolar localization similar
to that of the WT version (Fig. 2C). In contrast, mutants M4
and M5, both with an aa 71 to 110 segment deletion, showed a
diffuse cytoplasmic distribution with a slight M5 nuclear local-
ization (Fig. 2B). Both mutant proteins did not accumulate in
the nucleus or nucleoli as observed for the Rev WT (Fig. 2C).
In contrast to the EGFP-tagged proteins, we could readily
detect the Myc/His-tagged M4 and M5 mutants in the nucleus
of transfected cells (Fig. 2B and data not shown). The nuclear
localization of these mutated proteins was attributed to the low
molecular weight of these proteins, conferring on them the
ability to enter the nucleus through nuclear pores. No c-Myc or
His signals were observed in cells transfected with empty plas-
mids (not shown). Interestingly, although mutant M8 (A151-
170) displayed nuclear and nucleolar localizations similar to
those of the WT, a higher proportion of cells (40%) showed
the presence of the M8 mutant protein in the cytoplasm than
that of cells expressing Rev WT (<10% of positive cells) (Fig.
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FIG. 2. Analysis of BIV Rev protein deletion mutants reveals the importance of aa 71 to 110 for the intracellular localization of Rev. (A) The
predicted functional motifs in BIV Rev are shown. Terminal and internal deletions were carried out from pcDNA3.1RevWT by PCR-ligation-PCR. The
resulting constructs were cloned into the expression vectors pEGFP-C1 and pcDNA3.1Myc/HisB to generate the Rev amino acid deletion mutant
proteins (M1 to M9). (B) Expression analyses of Rev WT and Rev mutant proteins in fusion with EGFP by Western blotting from Vero cells transfected
with the appropriate plasmid constructs. Total cell proteins (50 ug) were separated on 15% SDS-polyacrylamide gels, electroblotted onto a nitrocellulose
membrane, and probed with GFP-specific antibodies. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) immunostaining was used as a loading
control. The molecular masses of the expressed proteins are indicated in the left margin. (C) Fluorescence microscopy analyses of Rev WT (WT) and
Rev mutant (M1 to M9) proteins fused to EGFP or c-Myc/His tags. Vero cells were transfected with the respective plasmid constructs. After 24 h of
incubation, the cells were fixed and counterstained with DAPI (in blue). The expression of EGFP fusion proteins is shown in green. The merge image
represents the superposition of EGFP and DAPI images. The c-Myc/His-tagged proteins were visualized by indirect immunofluorescence using a
Myc-specific primary antibody and an anti-mouse Cy3 secondary antibody. The images shown are representative of expression patterns (three indepen-
dent experiments) observed in >70% of the cells. (D) Nuclear export activity of Rev-Myc/His WT and Rev-Myc/His mutants (M1 to M9) was determined
using a CAT reporter assay. Fifty micrograms of cell lysate was used in the CAT assay. The CAT levels were normalized to the 3-galactosidase activity.
The results represent mean values of triplicate samples of at least three separate experiments. Rev activity is expressed as the ratio of Rev WT or mutant
CAT expression to basal expression of pPRRE-BIV alone. Vertical bars indicate the standard deviations about the means. The values significantly different
from Rev WT, according to a two-tailed # test, are indicated by asterisks: **, P < 0.005; #*=, P < 0.0005.
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FIG. 3. The region encompassing aa 71 to 100 of BIV Rev protein

is associated with NLS and NoLS functions. (A) The region deleted in M4

and M5 Rev mutants was fused in the C-terminal end of EGFP, known to have diffuse localization in transfected cells. (B) Expression analysis of
EGFP and EGFP 71-110g., by Western blot assays of Vero cells transfected with the appropriate constructs. Total cell proteins (50 pg) were
separated on 15% SDS-polyacrylamide gels, electroblotted onto a nitrocellulose membrane, and probed with GFP-specific antibodies. The
molecular masses of the expressed proteins are indicated in the left margin. The asterisk indicates EGFP. (C) HEK 293 and Vero cells were
cotransfected with pEGFP or pEGFP71-110g,, and with pRed-C1Nucleolin plasmids. After 24 h of incubation, the cells were fixed and
counterstained with DAPI (in blue). Expression of the proteins was detected via the fluorescence of EGFP (in green) or RFP (in red). The merge
image represents the superposition of EGFP and DsRed-Nucleolin images. The images shown are representative of the expression patterns (three

independent experiments) observed in >70% of the cells.

2C). Although this finding was not addressed in this study, the
presence of M8 in the cytoplasm is consistent with the dynam-
ics of the cell nucleolus with the nucleoplasm, the alteration of
which may result in either enrichment or exclusion of a par-
ticular protein in the nucleolus (17), and, ultimately, in the
nucleus with a possible spillover in the cytoplasm.

After having established the subcellular localization of BIV
Rev WT and each of the Rev mutant proteins, we wished to
determine the impact of the mutations on the nuclear export
activity of these proteins. This was assessed by a transient-
transfection assay using the pRRE-BIV CAT reporter con-
struct. This construct contains the CAT gene and a region
containing the putative BIV RRE (50) located within an intron
flanked by HIV-1 splice sites (30). By using this construct,
unspliced transcripts of pPRRE-BIV containing the CAT se-
quence enter in the cytoplasm only if Rev is present. In the
absence of Rev, only traces of CAT activity are detected. As
shown in Fig. 2D, M4, M5, and M6 mutated Rev proteins did
not exert CAT activity, whereas all other mutants showed CAT
activity comparable to that of Rev WT. The results obtained
with M4 and M5 correlate with cytoplasmic localization of the
proteins with no or negligible (for MS) distribution in the
nucleus (Fig. 2C). Similar results for CAT activity were ob-
tained with the EGFP-Rev WT and mutant fusion proteins
(not shown). The lack of CAT activity obtained with the M6

mutant is associated with the fact that the amino acid sequence
deleted in that protein contains the nuclear export signal of
BIV Reyv, which allows the exportation of unspliced transcripts
in the cytoplasm where they are translated (A. Gomez Corre-
dor and D. Archambault, unpublished data).

Two regions are essential for the nuclear localization of BIV
Rev. Nucleo-nucleolus-cytoplasmic trafficking of molecules is
mediated by the NLS and NoLS (11, 16, 42). To determine
whether the deleted region (aa 71 to 110) in M4 and M5
mutants functions as a bona fide NLS-NoLS, we directly fused
this putative NLS-NoLS (40-aa) sequence to the C terminus of
an EGFP (Fig. 3A). The expression of EGFP and of the EGFP
fusion proteins in transfected Vero cells was confirmed by
Western blot analysis (Fig. 3B). As expected, the control
EGFP showed diffuse distribution in both the cytoplasm
and the nucleus, whereas the EGFP-NLS-NoLS (EGFP 71-
110g,,) fusion protein exclusively localized to the nucleus of
HEK 293 and Vero cells (Fig. 3C). In addition, EGFP71-
110g., readily colocalized with the DsRed-Nucleolin into the
nucleoli (Fig. 3C). These results clearly indicated that two
regions within the M4 and M5 mutants that encompass aa 71
to 110 in BIV Rev contain functional NLS and NoLS that
direct a cytoplasmic protein to the cell nucleus and nucleoli.

The NLS motif in BIV Rev is bipartite. NLSs and NoLSs
are mainly composed of basic residues (17, 40). As shown in
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A Rev WT " RARKLPGERRPGFWKSLRELVEQNRRKQERRLSGLDRRIQ"...
Rev Al
Rev A2
Rev A3
Rev A4
Mut 15
Mut 6
Mut 10 AA
Mut 20  AvAA. e AA s
Mut 24  AcAAcmmmmnnamisisssi AAA . AAG i
B EGFP DsRed Merge DAPI EGFP DsRed Merge DAPI
Rev WT
Rev Al
Rev A2
Rev A3
Rev A4
C
Rev WT
Mutl5
Mut 6

FIG. 4. The NLS of the BIV Rev protein is of a bipartite type. (A) Several pEGFP-Rev deletion (Rev Al to Rev A4) and alanine substitution
(Mut 15, Mut 6, Mut 10, Mut 20, and Mut 24) mutant constructs targeting the aa 71 to 110 sequence of BIV Rev were generated from pEGFP-Rev
WT. (B) Subcellular localization of EGFP-Rev deletion mutants by fluorescence microscopy. Vero cells were cotransfected for 24 h with
pRed-C1Nucleolin and each of the pEGFP-Rev deletion constructs described for panel A in the presence or absence of 5 nM LMB and incubated
for 24 h. The cells were fixed, counterstained with DAPI (in blue), and examined by fluorescence microscopy. The merge image represents the
superposition of EGFP and DsRed-Nucleolin images. (C) Subcellular localization of EGFP-Rev alanine substitution mutants. Vero cells were
transfected with each of the indicated pEGFP-Rev mutant constructs. The merge image represents the superposition of EGFP and DAPI images.
The images shown are representative of the expression patterns (three independent experiments) observed in >70% of the cells.

Fig. 4A, analysis of the sequence encompassing the aa 71 to
110 region of BIV Rev that contains the putative NLS and
NoLS reveals four distinct clusters of basic amino acids
(RARK, RR, RRKQERR, and RR) in addition to two sepa-
rate K and R residues at positions 85 and 88, respectively. To
determine which amino acids are necessary for the NLS-NoLS
function of BIV Rev, we first generated a series of Rev mutants

with deletions specific for each of the basic amino acid clusters.
These mutants were then fused to EGFP (Fig. 4A). The con-
structs were then used to transfect Vero cells that were there-
after examined for subcellular localization of the mutated
proteins. As Rev is a nucleocytoplasmic shuttling protein, ex-
periments in cells were conducted in the presence or absence
of LMB, an inhibitor of Rev nuclear export. Deletion of the
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first cluster (Rev Al; aa 71 to 74) slightly affected the subcel-
lular distribution of the Rev-EGFP fusion protein in cells un-
treated with LMB, as demonstrated by a noticeable cytoplas-
mic localization (Fig. 4B). This result was not observed with
EGFP-Rev WT (Fig. 1A). As expected, treatment of cells with
LMB resulted in only nuclear and nucleolar localization of Rev
Al. Deletion of the arginine residues at positions 79 and 80 in
Rev A2 had no effect on the nuclear localization (Fig. 4B).
However, these deletions completely abolished the nucleolar
localization of the Rev protein in both LMB-untreated and
LMB-treated cells. The deletion of the third cluster (Rev A3)
(encompassing aa 95 to 101) disrupted intracellular distribu-
tion. In the absence of LMB, the Rev A3 protein was found not
in the nucleus but rather in the cytoplasm and nucleoli. This
nucleolus localization was confirmed by the colocalization of
the mutated protein with DsRed-Nucleolin. In contrast, in the
presence of LMB, the Rev A3 fusion protein was localized only
into the nucleus and nucleoli (Fig. 4B). Taken together, these
results indicate that the deleted residues in Rev A3 are neces-
sary for the nuclear retention of BIV Rev and suggest that
another region allows the entrance of the protein in the nu-
cleus, indicating a possible bipartite NLS for BIV Rev. Finally,
the last cluster of basic residues deleted in Rev A4 (aa 106 and
107) had no effect on the subcellular distribution of BIV Rey,
indicating that these residues are not important for the nuclear
localization of BIV Rev (Fig. 4B).

To confirm the results described above and to identify the
amino acid residues of the NLS in BIV Rev, we generated a
series of site-directed mutations in the basic residues present in
the aa 71 to 110 sequence by replacing the arginine (R) and
lysine (K) residues with alanine (A) residues (Table 1). The
results obtained with the most relevant mutants are shown
in Fig. 4. Single sets of substitutions of residues ”"RARK"*
to ""TAAAA™ (Mut 15), RRK’’ to AAA”" (Mut 6), or
100RRO! o 19A A (Mut 10) affected the proportion of the
protein localized in the cytoplasm compared to the WT form of
Rev (EGFP-Rev) (Fig. 4C and 1A). Interestingly, the combi-
nation of both 7"RARK™ to "'AAAA’ and '"RR'’! to
100AA0L (Mut 20) mutations disrupted the nuclear distribu-
tion of the mutated EGFP-Rev protein although the protein
retained a nucleolar and cytoplasmic localization. Thus, cluster
residues ("RRK®” and '"’RR"'“") are necessary for the nuclear
localization of EGFP-Rev. Finally, the combined mutations
71RARK74 to 71AAAA74, ()SRRK97 to ()SAAA97, and ]OORRIOI
to '°AA'%" (Mut 24) completely abolished the nuclear local-
ization of the mutated EGFP-Rev, which was exclusively con-
fined to the cytoplasm (Fig. 4C). Combined, the results indi-
cate the presence of a bipartite NLS in BIV Rev that is
composed of residues "RARK’* and of “RRK"7/!®°RR %!,

The NoLS of BIV Rev. After having mapped the bipartite
NLS in BIV Reyv, we wished to identify the amino acid residues
important for the nucleolar localization of the protein. To this
end, we used the various mutated Rev versions described
above in which the basic residues were changed to alanines in
the region encompassing aa 71 to 110. In doing so, we were
able to confirm the results obtained with the Rev A2 mutated
protein (Fig. 4B). Indeed, alterations of ’RR®" to "?AA%® in
EGFP-Rev (Mut 3) resulted in the localization of the protein
to the nucleus but not in nucleoli (Fig. 5). Moreover, alter-
ations of R to A (Mut 5) and *°R to A (Mut 7) in BIV
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A RevWT "RARKLPGERRPGFWKSLRELVEQNRRKQERR"...
Mut 3
Mut 5
Mut 7

EGFP DsRed

Merge DAPI

Rev WT

Mut 3

Mut 5

Mut 7

FIG. 5. Identification of amino acid residues necessary for the nu-
cleolar localization of BIV Rev protein. (A) Alanine substitutions were
introduced into the EGFP-Rev WT to generate the pEGFP-Rev Mut
3, Mut 5, and Mut 7 mutant constructs. (B) Vero cells were transfected
with pRed-C1Nucleolin and each of the indicated pEGFP-Rev mutant
constructs. After 24 h of incubation, the cells were fixed, counter-
stained with DAPI (in blue), and examined by fluorescence micros-
copy. The expression of EGFP-Rev mutant proteins and DsRed-
Nucleolin is shown in green and red, respectively. The merge image
represents the superposition of EGFP and DsRed-Nucleolin images.
The image shown is a representative of the expression pattern (three
independent experiments) observed in >70% of cells.

EGFP-Rev disrupted the nucleolar localization of the protein
with no effect on its nuclear localization (Fig. 5). Combined,
the results demonstrated that residues ?RR®’, 38R, and R
are essential for the nucleolar targeting of BIV Rev.
Functional analysis of BIV Rev NLS and NoLS mutants. To
determine whether mutations of BIV Rev NLS and NoLS
amino acid residues had an impact in the nuclear export ac-
tivity of the protein, Vero cells were cotransfected with the
Rev-EGFP WT-encoding plasmid or each of the BIV Rev NLS
and NoLS mutant plasmids and the pRRE-BIV CAT reporter
construct as described above. The results showed that among
all Rev NLS mutants tested (Fig. 6), only Mut 15 displayed an
activity comparable to that of Rev WT. In contrast, the Mut 10
and Mut 20 mutants showed lower activity (at least 50%) than
did Rev WT even though the proteins were present in the
nucleus and the nucleoli, respectively (Fig. 4C). In contrast, the
Mut 24 mutant, which was not localized in the nucleus and
nucleoli, had no activity at all. Similarly, no activity was asso-
ciated with the Mut 6 mutant despite its presence in the nu-
cleus and nucleoli (Fig. 4C). When determining the activity of
NoLS mutants (Fig. 6), Mut 3 and Mut 7 had activity compa-
rable to or lower than that of Rev WT, respectively. In con-
trast, the Mut 5 mutant had no activity at all. As mentioned
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FIG. 6. Functional analysis of BIV Rev NLS and NoLS mutants.
The nuclear export activities of EGFP-RevWT and EGFP-Rev NLS
and NoLS mutants described for Fig. 4 and 5 were determined using a
CAT reporter assay as described for Fig. 2C. Gray bar, pRRE-BIV
alone; solid bars, NLS mutants; open bars, NoLS mutants. The results
represent mean values of triplicate samples of at least three separate
experiments. Vertical bars indicate the standard deviations about the
means. The values significantly different from those for the Rev WT,
according to a two-tailed ¢ test, are indicated by asterisks: *, P < 0.05;
*%, P < 0.005; #%%, P < (0.0005.

above, all of these mutants were localized only in the nucleo-
plasm.

DISCUSSION

The Rev and Rev-like proteins of complex retroviruses are
essential regulatory proteins that mediate nuclear export of
partially spliced viral RNAs via functional domains that inter-
act with cellular proteins and viral RNA. To exert their activity,
lentivirus Rev proteins must enter the nucleus through NLSs
(7, 39, 41, 69). Most nuclear proteins are targeted to the nu-
cleus by mono- or bipartite basic amino acid sequences that
constitute the NLS (11, 40, 62). In HIV-1 Rev, a 17-aa argin-
ine-rich motif (Table 2) is located within the N-terminal half of
the protein and serves as both the RRE-binding domain and
the NLS (28). In addition to NLSs, HIV-1 and HTLV-1 target
Rev and Rex proteins, respectively, to the nucleolus via NoLS
(7, 39).

The present study is the first to directly characterize the
cellular distribution of BIV Rev in details. We have demon-
strated that the Rev protein of BIV localizes almost exclusively
into the nucleus and the nucleoli of transiently transfected cells
(Fig. 1), confirming a previous study conducted in BIV-in-
fected cells (56). By using a series of Rev deletion mutants
fused to the EGFP-encoding sequence, we thereafter identi-
fied the sequence necessary for the nuclear localization of BIV
Rev. The subcellular localizations of both M4 and M5 mutants
were disrupted as these proteins were distributed in the cyto-
plasm and the nucleus (Fig. 2C), a feature that contrasts with
the predominant nuclear/nucleolar distribution of the Rev WT
protein. Moreover, the biological activity of both M4 and M5
mutants was completely abolished in the CAT reporter assay
(Fig. 2D). These results indicated that the regions deleted in
M4 and M5 (aa 71 to 90 and aa 91 to 110, respectively) were
important for the biological activity and intracellular localiza-
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tion of BIV Rev. The localization results also suggested the
presence of a bipartite NLS in BIV Rev. To confirm the latter,
we fused the aa 71 to 110 region to the C-terminal end of the
EGFP protein and found that this sequence was sufficient to
relocate the GFP into the nucleus and the nucleoli (Fig. 3).

The hallmark of bipartite NLSs is the presence of two clus-
ters of basic amino acids whose integrity is essential for their
function (62). As the amino acid deletion region in M4 and M5
contains several clusters of basic amino acid residues (Fig. 4A),
we wished to identify which basic amino acid clusters were at
play for the bipartite NLS function of BIV Rev. By using a
series of deletions and point mutations within the Rev WT
protein, we found that both the "'"R-RK’ (Rev Al mutant)
and “RRK-RR'! (Rev A3 mutant) basic residues were im-
portant for the nuclear localization of BIV Rev WT (Fig. 4).
Interestingly, the 7*R-RK” cluster alone was able to transport
the protein into the nucleus as shown by the result from the
Rev A3 mutant, which contains an intact "'R-RK’* sequence.
The latter mutant localized into the nucleoli and cytoplasm
without nuclear accumulation in the absence of LMB (Fig.
4B). In contrast, in the presence of LMB, which blocks the
putative exportation activity of Rev, the Rev A3 mutant was
completely retained in the nucleus and nucleoli (Fig. 4B).
Notably, in the ”"RARK™ and '“"RR!'°! to 7"TAAAA"™ and
190AA! mutant (Mut 20) (Fig. 4C), only the last two residues
of the second cluster of basic residues (?RRK-RR'’!) are
mutated to alanines. This mutant showed the same localization
pattern as that of the Rev A3 mutant. Combined, these results
suggest that the ”"R-RK" cluster mediates the transport of the
protein into the nucleus and that the integrity of the “RRK-
RR'! cluster is necessary for both the nuclear localization and
the retention of Rev. Our results unequivocally showed that
the NLS of BIV Rev is bipartite and is composed of residues
7IR-RK” and “RRK-RR'. This is the first report of a
bipartite NLS for any Rev/Rex/Rev-like proteins in complex
retroviruses. However, as shown in Table 2, the sequence of
the two basic motifs in BIV Rev NLS differs from the consen-
sus sequences reported for typical short- and long-type bipar-
tite NLSs. Moreover, our results showed that the length of the
spacer region (20 aa) separating the two basic clusters of BIV
Rev NLS differs from the 8- to 16- and the 30- to 32-aa lengths
described for the short- and long-type bipartite NLSs, respec-
tively (32, 43, 62, 63, 71, 74). Although human cytidine deami-
nase and the integrase of HIV-1 have been reported to contain
bipartite NLSs with spacer regions of 20 (Table 2) and 22 aa,
respectively, the NLSs of these proteins were composed mainly
of lysine residues (20, 65). This contrasts with the predomi-
nantly arginine residues described here. Combined, the results
showed that BIV Rev contains a novel type of bona fide bi-
partite NLS.

The nucleus is a highly ordered structure containing several
nonmembrane subcompartments, the largest subnuclear struc-
ture of which is the nucleolus. The nucleolus is morphologi-
cally divided into discrete regions including the fibrillar center,
the dense fibrillar center (DFC), and the granular component
(GC) (17). Beside the demonstrated role of the nucleolus in
various steps of TRNA synthesis, a plurifunctional nucleolus
hypothesis has been formulated and proposes that the nucle-
olus has multiple functions in health and disease (48, 66). In
addition, the nucleolus can be a target for viral infection (26).
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TABLE 2. NLSs and NoLSs”
Protein® NLS/NoLS" Reference(s)
Bipartite NLS
Short-type NLSs
Nucleoplasmin KRPAATKKAGQAKKKKLDK 62
CBPS80 RRRHSDENDGGQPHKRRK 71
hRAC3 RKRKLPCDTPGQGLTCSGEKRRR 74
Swl5 KKYENVVIKRSPRKRGRPRK 63
Consensus [RK] (3), 8 to 16 aa [R/K] (4) 63
Long-type NLSs
HnRNP1 KRGSDELFSTCVTNGPFIMSSNSASAANGNDSKKFKGDS 63
HIF-a KRKMEHDGSLFQAVGIGTLLQQPDDHAATTSLSWKRVKG 43
Consensus [KR] 30 to 32 aa [R/K] (4) 63
Unclassified-type NLSs
HCDA KRPACTLKPECVQQLLVCSQEAKK 65
Rev BIV RARKLPGERRPGFWKSLRELVEQNRRKQERR This study
Viral and cellular monopartite NLSs
and/or NoLSs
Rev, HIV-1 RQARRNRRRRWRERQRQ 7, 39
Rev, EIAV KRRRK 41
Rem, MMTV ALRRKRRREMRK 31
Rex, HTLV-1 PKTRRRPRRSQRKRPPTP 39, 51, 53
Rec, HERV-K RRRRHRNRAP 73
Tat, HIV-1 RKKRRORRRAHQ 8, 64
hLa SKGRRFKGKGK 29
MDM2 KKLKKRNK 42
Consensus NoLS motif R/K-R/K-X-R/K 17, 29
BIV Rev NoLS ERRPGFWKSLRELVEQNR This study

“ Sequences of known short- and long-type bipartite NLSs and of NoLSs of various viral and cellular proteins with their respective consensus sequences in comparison

with the novel type of bipartite NLS and NoLS sequences of BIV Rev protein.

® The basic residues associated with NLSs are in bold, and the residues of NoLSs are underlined. The possible number of basic residues in the consensus sequences

is indicated in parentheses.

¢ Abbreviations: CBP80, CAP-binding protein 80; hRAC3, human receptor coactivator 3; Sw15, Saccharomyces cerevisiae transcription factor; HnRNP1, heteroge-
neous nuclear ribonucleoprotein; HIF-a, hypoxia-inducible factor o; HCDA, human cytidine deaminase; MMTYV, mouse mammary tumor virus; HERV-K, human
endogenous retrovirus K; Tat, frans activator factor of transcription; hLa, human La protein, MDM2, murine double minute 2 protein.

For instance, changes in nucleolar structure can result from the
coronavirus infectious bronchitis virus or from herpes simplex
virus infection (4, 12, 44). Consistent with this and similar to
what was previously reported for HIV-1 Rev (54), we also
observed, in certain cell lines, altered nucleolar structure upon
BIV Rev expression (not shown), an event that could be at-
tributed to nucleolar accumulation of the protein (4, 44).

The nucleolar targeting of a protein depends on the pres-
ence of an NoLS or, in the absence of the latter, on interac-
tions with nucleic acids or other NoLS-containing proteins that
form a hub of proteins which, in turn, allows the binding of
several protein partners (17). Here, we confirmed the nucleo-
lar localization of the BIV Rev protein (56). We also showed
that the BIV Rev protein did not colocalize with fibrillarin,
which is known to localize in the DFC region of the nucleolus
(Fig. 1B). In contrast, the BIV Rev protein colocalized with
two other nucleolar markers, namely, nucleolin, known to lo-
calize in the GC and DFC region of the nucleolus, and B23.1,
an isoform of B23 known to localize in the nucleolar GC (15,
16). As HIV-1 Rev was shown to colocalize and interact with
B23 (13, 14, 18), it is possible that BIV also may interact
with nucleolin and/or B23.1, an assumption that needs fur-
ther studies.

We showed that BIV Rev contains an NoLS that mediates
the nucleolar localization of this protein. We also showed that
residues "’RR®, 88R, and ?°R are essential for the nucleolar
localization of BIV Rev (Fig. 4B and 5). Interestingly, none of
the alanine substitutions within the NoLS disrupted the nu-
clear localization of BIV Rev (Fig. 5), thereby suggesting that
the NoLS is independent of NLS function. HIV-1 Rev, HTLV
Rex, and HIV-1 Tat proteins possess an NoLS that is intrinsi-
cally associated with the NLS (7, 39, 53, 64). These proteins
contain an R/K-R/K-X-R/K consensus NoLS motif that is also
present in a variety of other viral and cellular nucleolar pro-
teins (9, 25, 29, 42) (Table 2). Remarkably, the BIV Rev does
not harbor such a consensus motif, as several amino acid res-
idues are present between the arginine residues associated
with its NoLS function (Table 2). Like BIV Rev, the three
NoLS sequences identified in parafibromin, a tumor suppres-
sor protein, also differ from the consensus arginine/lysine mo-
tifs present in nucleolar proteins described so far (17, 24). In
addition, the parafibromin NoLSs are localized in a region of
the protein that is not intrinsically associated with the bipartite
NLS (24). This contrasts with our results, where the ’RR*’
and *R residues of the Rev NoLS are localized between the
two basic amino acid clusters that form the BIV Rev bipartite
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NLS and where the >R residue is part of the second cluster of
the bipartite NLS (> RRK-RR'"). Thus, the BIV Rev protein
harbors a novel type of NoLS different from NoLS motifs
previously described for any viral or cellular proteins.

The NLS/NoLS and RBD motifs in several Rev/Rex/Rev-
like proteins in complex retroviruses are closely associated with
arginine-rich domains (27, 31, 45, 59, 73). Here we found that
the nuclear export activity of the BIV Rev NLSs and NoLS
mutants was diminished (Mut 7, Mut 10, and Mut 20) or absent
(Mut 5 and Mut 6) even though they still localized in the
nucleoplasm and/or nucleoli (Fig. 4C, 5, and 6). These results
suggest that some of the amino acids that compose the NLS/
NoLS are part of the RBD that mediates the binding of Rev to
the RRE of the viral transcripts before their transport to the
cytoplasm where they are translated. Finally, it has been sug-
gested that the nucleolus plays a critical role in the nuclear
export of HIV-1 Rev (8) and that the nucleoli “store” the
protein (37). However, other investigators reported that HIV-1
Rev as well as HTLV-1 Rex exerts nuclear export activity with
no nucleolar accumulation (49). A similar finding was observed
here with the Mut 3 mutant that showed nuclear export activity
like that of the Rev WT with no localization in the nucleoli
(Fig. 6). The significance of this observation for the BIV life
cycle has yet to be determined.

In conclusion, we demonstrated that the nucleolar and nu-
clear localizations of BIV Rev are mediated via novel NLS and
NoLS motifs. BIV Rev NLS and NoLS may help in further
understanding the dynamic network of proteins found in the
nucleus and nucleoli.
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