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Nucleolar shuttle protein B23 was found to bind to human immunodeficiency virus protein Tat, and this
binding required the nucleolar localization motif of Tat. A fusion protein containing the B23 binding domain
and b-galactosidase caused mislocalization of Tat to the cytoplasm and inhibited the transactivation activity
of Tat. These data suggest that B23 is a human factor necessary for the nucleolar localization of Tat.

The nucleolus has long been established as the site where
preribosomes are formed. Recent developments suggest that
the nucleolus is also involved in poly(A)1 RNA transport and
processing (reviewed in reference 19). In addition, the nucle-

olus is implicated in viral replication (22). In our studies of
human nucleolar proteins, B23 (nucleophosmin) was found to
bind to the nucleolar localization signal (NoLS) of proteins
p120 (21) and C23 (13). Although enriched in nucleoli, B23 has

FIG. 1. Binding of B23 to the basic region of Tat. (A) Schematic diagram of the first coding exons of Tat-1 and Tat-2 used in the experiments and the mutations
made. The numbers under the diagrams are amino acid positions. The basic regions are indicated by the filled boxes, and the corresponding amino acid sequences are
shown. The mutations made in the mutants are underlined. wt, wild type. (B) GST-Tat fusion proteins bound to glutathione-Sepharose 4B beads were incubated with
HeLa cell nuclear extract and then pelleted. Western blotting was done to visualize coprecipitated B23. (C) Coomassie blue staining of a second sodium dodecyl
sulfate-polyacrylamide gel electrophoresis gel showing the GST-Tat fusion proteins used to precipitate B23.
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also been shown to shuttle between the nucleolus and the
cytoplasm (4). These observations suggest that B23 may be a
carrier protein which is involved in the transport of specific
cellular proteins from the cytoplasm to the nucleolus. Interest-
ingly, protein B23 has also been reported to bind the arginine-
rich basic regions of human T-cell leukemia virus protein Rex
(1) and human immunodeficiency virus (HIV) protein Rev (8),
both of which localize to the nucleolus. The arginine-rich basic
regions of Rex and Rev serve as the RNA-binding and nucle-
olar localization domain. When their basic regions are mu-
tated, the two viral proteins do not localize to the nucleolus (3,
5, 16). Although McDonald et al. (15) reported that Rev func-
tion does not depend on its nucleolar localization, D’Agostino
et al. (7) demonstrated that partial relocation of Rev to the
cytoplasm induced by mycophenolic acid treatment reduces
the Rev-dependent expression of Gag by 56%.
The fact that B23 binds to the NoLS of specific cellular and

viral proteins raised the possibility that B23 is a transporter
utilized by certain viral, as well as cellular, proteins for nucle-
olar localization. To examine this hypothesis, the interaction of
B23 with the HIV Tat protein was investigated in the present
study. Tat protein is required for efficient viral transcription by
stimulating transcription directed by the viral long terminal
repeat sequence (12). Similar to Rev (20), Tat has a basic
region which binds to the transactivation region of the viral
RNA and is required for its nucleolar localization (11).
Binding of B23 to the basic region of Tat with its NoLS-

binding domain. An in vitro binding assay (13) utilizing bac-
terially expressed wild-type and mutant Tat-1 or Tat-2 (Fig.
1A) fused to glutathione S-transferase (GST; the plasmids
were gifts from Richard Gaynor [University of Texas South-
western Medical Center] and Andrew Rice [Baylor College of
Medicine]) was done to evaluate their binding to B23 in HeLa
cell nuclear extract (13). Both wild-type Tat-1 and Tat-2 fusion
proteins bound to B23 present in HeLa cell nuclear extract,
while GST alone did not (Fig. 1B). However, mutations made
within the Tat-1 basic region abolished the B23 binding, and
similar mutations within the Tat-2 basic region greatly reduced
the binding (Fig. 1B), indicating that Tat proteins bind to B23
and such binding requires native basic regions. By using the
same technique, the binding of the GST–Tat-1 fusion protein
to various deletion mutant forms of B23 in Escherichia coli

lysate (13) was analyzed. Similar to the binding of B23 to p120
(21) and C23 (13) described previously, the NoLS-binding do-
main including amino acids (aa) 194 to 239 was found to be
required for the binding of B23 to Tat-1 (data not shown). In
addition, the truncated B23 binding domain (aa 187 to 245)
fused to GST bound to purified Tat-1 mixed in bacterial lysate,
while GST alone did not (Fig. 2). The higher-molecular-weight
band also seen above Tat in the blot is likely oligomers of Tat
which were formed as a result of oxidation of the purified
cysteine-rich Tat (9). Another possibility is that this band rep-
resents Tat bound to another protein.
Although the arginine-rich basic region of Tat is critical for

binding, its interaction with B23 does not seem to be purely
ionic. The binding domain of B23 (aa 194 to 239; pI 11.20) is
much less acidic than the highly acidic cluster present in the
molecule (aa 161 to 188; pI 2.55), yet only aa 194 to 239
showed binding activity. In addition, as demonstrated previ-
ously, B23 does not bind to the nuclear localization signals in
p120 and C23, which also contain arginines (13, 21). It is likely
that the spatial conformation of this domain is the major factor
contributing to its binding ability.
The above results suggest that there is an interaction be-

tween B23 and Tat, and this interaction may be related to the
nucleolar localization of Tat.
Sequestration of Tat in the cytoplasm by a fusion protein

containing the NoLS-binding domain of B23. To obtain in vivo
evidence that B23 interacts with Tat and that this interaction is
necessary for Tat localization to the nucleolus, an in vivo com-
petition experiment was performed. A fusion protein construct
(pCMV-bgal-B23/187-255; Fig. 3A) was made by linking the
cDNA of the B23 binding domain (aa 187 to 255) to the cDNA
of b-galactosidase in the pBC12/CMV vector (6) and was co-
transfected into COS-7 cells with a Tat construct (pCMV-

FIG. 2. Binding of the truncated B23 NoLS-binding domain to Tat. (A) West-
ern blot showing that Tat-1 was coprecipitated with the B23 binding domain (aa 187
to 245) fused to GST. The arrow indicates Tat-1 (12 kDa). (B) Coomassie blue
staining of a second sodium dodecyl sulfate-polyacrylamide gel electrophoresis gel in
which GST-B23/187-245 fusion protein and GST were used to precipitate Tat-1.

FIG. 3. Construction and expression of fusion protein bgal-B23/187-255. (A)
Schematic representation of the constructs for b-galactosidase (b-gal) and fusion
protein bgal-B23/187-255. CMV, cytomegalovirus. (B) Western blotting with
anti-b-galactosidase antibody to show expression of b-galactosidase and fusion
protein bgal-B23/187-255 in transfected COS-7 cells. Lanes: 1, cells transfected
with vector pBC12/CMV; 2, cells transfected with pCMV-bgal; 3, cells trans-
fected with pCMV-bgal-B23/187-255.
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FIG. 4. COS-7 cells stained by indirect immunofluorescence demonstrating the effect of transiently expressed fusion protein bgal-B23/187-255 on the localization
of coexpressed Tat-1. The photos in each horizontal row were taken from the same field with the rightmost as the phase. (a) Endogenous B23 localized to nucleoli.
(c) Tat-1 localized to the nucleus and highly enriched in the nucleolus. (e) Fusion protein bgal-B23/187-255 localized to the cytoplasm. (f) In cells highly expressing
bgal-B23/187-255, Tat-1 localized to the cytoplasm. (h) Wild-type b-galactosidase localized to the cytoplasm. (i) Unaltered localization of Tat-1 coexpressed with
wild-type b-galactosidase. B23, b-galactosidase, and the fusion protein were stained with a fluorescein-conjugated goat anti-mouse second antibody. Tat-1 was stained
with a rhodamine-conjugated goat anti-rabbit second antibody. Bar, 10 mm.

4100 NOTES J. VIROL.



Tat-1) by the calcium phosphate precipitation method (10).
COS-7 cells were grown at 378C in Dulbecco’s modified Eagle’s
medium supplemented with 10% fetal calf serum. Twenty
hours before transfection, 105 cells were seeded on a glass
coverslip placed in a six-well plate (35-mm well diameter). A
0.5-mg sample of pCMV-Tat-1 plasmid DNA and 2 mg of
pCMV-bgal or pCMV-bgal-B23/187-255 plasmid DNA were
transfected into the cells. The cells were allowed to grow under
normal conditions for 40 h before staining by indirect immu-
nofluorescence as described previously (18).
The proper expression of b-galactosidase and the fusion

protein bgal-B23/187-255 in transfected COS-7 cells was veri-
fied by Western blotting with a monoclonal anti-b-galactosi-
dase antibody (Boehringer Mannheim). The two proteins were
recognized by the same antibody, but the fusion protein had a
greater apparent molecular weight than wild-type b-galactosi-
dase (Fig. 3B).
B23 is a ubiquitous protein, and its presence in COS-7 cells

was verified by indirect immunofluorescence with a monoclo-
nal anti-B23 antibody (17) as shown in Fig. 4a. Tat protein
stained with a polyclonal antiserum (obtained from Bryan
Cullen through the AIDS Research and Reference Reagent
Program, Division of AIDS, National Institute of Allergy and
Infectious Diseases, National Institutes of Health) was seen in
the nucleus and was highly enriched in the nucleolus (Fig. 4c),
consistent with a previous report (11). Fusion protein bgal-
B23/187-255, stained with the monoclonal anti-b-galactosidase
antibody, localized to the cytoplasm (Fig. 4e). By using the
double-staining technique, coexpressed Tat protein in these
cells which highly expressed bgal-B23/187-255 was seen to co-
localize with bgal-B23/187-255 to the cytoplasm (Fig. 4f). The
cytoplasmic localization of Tat protein depended on the ex-
pression level of bgal-B23/187-255. In cells which expressed
bgal-B23/187-255 at lower levels, Tat protein was seen in both
the cytoplasm and the nucleus. Wild-type b-galactosidase also
localized to the cytoplasm (Fig. 4h), but it did not affect the
localization of the coexpressed Tat protein (Fig. 4i). These
results strongly suggest that the overexpressed fusion protein
containing the B23 NoLS-binding domain binds to and seques-
ters Tat protein in the cytoplasm and that binding to the B23
present in the cytoplasm is necessary for Tat nucleolar local-
ization. The cells overexpressing the fusion protein appeared
to be rounder and less flat (Fig. 4e) than cells overexpressing
wild-type b-galactosidase (Fig. 4h). This difference in cell ap-
pearance may reflect an adverse effect of the fusion protein on
the cells, possibly due to the mislocalization of certain cellular
proteins, such as p120 and C23, caused by this fusion protein.
Inhibition of Tat activity by the fusion protein. Further

investigation was done to determine if the mislocalization of
Tat caused by fusion protein bgal-B23/187-255 would result in
a reduction of Tat transactivation activity in T lymphocytes. A
Tat reporter cell line, 1G5 (2), derived from Jurkat T cells
which were stably transfected with a luciferase reporter gene
driven by an HIV type 1 long terminal repeat, was used to test
Tat activity. The cells were grown at 378C in RPMI 1640
medium supplemented with 10% fetal calf serum. Transient
transfections were done by using the DMRIE-C Reagent
(GIBCO Bethesda Research Laboratories) in duplicate or
triplicate. In addition to the plasmids being tested, 0.3 mg of
pRSV-CAT was included as a control. The medium also con-
tained phytohemagglutinin and phorbol myristate acetate at
final concentrations of 1 mg/ml and 50 ng/ml, respectively. Cells
were harvested and assayed at 24 h posttransfection by us-
ing the luciferase assay kit from Promega. Chloramphenicol
acetyltransferase (CAT) levels in the lysis supernatant were
assayed with the CAT enzyme-linked immunosorbent assay kit

from Boehringer Mannheim. As shown in Fig. 5, when 2 mg of
pCMV-bgal-B23/187-255 (expressing the fusion protein) was
cotransfected with pCMV-Tat-1 (0.1 mg), Tat-activated lucif-
erase transcription was reduced by 49% compared with the
control, in which 2 mg of pCMV-bgal (expressing wild-type
b-galactosidase) was cotransfected with pCMV-Tat-1 (0.1 mg).
Although the inhibitory effect is less than striking, it is not
unexpected for the following reasons. Due to the nature of
double transient transfection, not all cells that expressed Tat
protein also expressed the bgal-B23/187-255 fusion protein. In
addition, there is a competition for Tat binding between the
fusion protein and endogenous B23 so that the block of Tat
localization by the fusion protein in a single cell is likely not
100%. Since Tat is a potent transactivator, a few molecules of
Tat that enter the nucleus can be enough to activate transcrip-
tion. Nevertheless, these data support the observation that the
fusion protein containing the B23 NoLS-binding domain al-
tered the localization of Tat.
It has been reported that Tat is colocalized with nucleolar

protein B23 in stably transfected Jurkat T cells (14). The
present study strongly suggests a direct interaction between
Tat and B23. This interaction requires the NoLS of Tat and the
NoLS-binding domain of B23. In addition, the interaction be-
tween Tat and B23 is necessary for its proper localization to
the nucleolus.
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FIG. 5. Effect of coexpressed fusion protein bgal-B23/187-255 on the trans-
activation activity of Tat in 1G5 cells. Cells were transiently transfected by the
DMRIE-C reagent and harvested 24 h posttransfection for luciferase assay. A
100-ng sample of pCMV-Tat-1 and 2 mg of pCMV-bgal or 2 mg of pCMV-bgal-
B23/187-255 were transfected as indicated. Plasmid pRSV/CAT (0.3 mg) was
cotransfected, and luciferase activities are normalized to coexpressed CAT lev-
els. The data shown are means 6 the standard errors of three experiments, and
the asterisk indicates a significance level of P , 0.05 analyzed by the paired
Student t test.
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