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Tap has been proposed to play a role in general mRNA export and also functions in expression of RNA with
retained introns that contain the MPMV CTE (constitutive transport element). Tap forms a functional
heterodimer with NXT/p15. We have previously demonstrated that unspliced intron-containing CTE RNA is
efficiently exported to the cytoplasm in mammalian cells. Here we show that Tap and NXT proteins function
together to enhance translation of proteins from the exported CTE RNA. Pulse chase experiments show that
Tap/NXT significantly increases the rate of protein synthesis. Sucrose gradient analysis demonstrates that Tap
and NXT efficiently shift the unspliced RNA into polyribosomal fractions. Furthermore, Tap, but not NXT is
detected in polyribosomes. Taken together, our results indicate that Tap and NXT serve a role in translational
regulation of RNA after export to the cytoplasm. They further suggest that Tap/NXT may play a role in
remodeling of cytoplasmic RNP complexes, providing a link between export pathways and cytoplasmic fate.
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In higher eukaryotes, the majority of genes produce na-
scent mRNA transcripts that contain several introns. Ex-
port of incompletely spliced RNAs with retained introns
from these genes would potentially result in translation
of aberrant proteins that could have deleterious effects
on the cells. However, cells appear to have developed
checkpoints to ensure that only fully spliced mRNAs are
exported and expressed (Chang and Sharp 1989; Legrain
and Rosbash 1989).
Retroviruses use special mechanisms that allow un-

spliced and incompletely spliced (that is, intron-contain-
ing) viral transcripts to exit the nucleus and escape cel-
lular proofreading mechanisms (Hammarskjöld 1997,
2001). Replication of all of these viruses requires the cy-
toplasmic expression of intron-containing forms of the
initial, genome-length viral RNA transcript, because the
unspliced RNA serves both as the mRNA for the viral
Gag and GagPol proteins and as the RNA that is pack-
aged into viral particles (Berkowitz et al. 1996). In com-
plex retroviruses such as HIV-1, export of unspliced and
incompletely spliced RNA relies on the interaction of
the viral Rev protein with a structured RNA sequence
present in these RNAs, the Rev responsive element
(RRE; Hadzopoulou-Cladaras et al. 1989; Hammarskjold
et al. 1989; Malim et al. 1989; Pollard and Malim 1998).

The resulting mRNP complex is exported by virtue of
the nuclear export signal (NES) in Rev that interacts
with the cellular export receptor Crm1 (Fornerod et al.
1997; Neville et al. 1997).
Simple retroviruses do not encode an Rev-like trans-

acting protein, and export of their unspliced RNA relies
on the interaction of cis-acting RNA elements directly
with cellular factors. The first element of this kind was
identified in the simian type D retrovirus Mason Pfizer
Monkey Virus (MPMV) and was given the name CTE
(constitutive transport element; Bray et al. 1994; Ernst et
al. 1997a,b; Hammarskjold 2001), because its interaction
with cellular factors results in constitutive export of in-
tron-containing RNAs. Although substitution of the
RRE by the CTE renders HIV replication Rev-indepen-
dent (Bray et al. 1994; Zolotukhin et al. 1994), it is clear
that the CTE promotes export of intron-containing
RNAs by a pathway that is distinct from that used by the
RRE-Rev system, because the Crm1 inhibitor Leptomy-
cin B has no effect on CTE-mediated export (Otero et al.
1998; Guzik et al. 2001). Through experiments in the
Xenopus oocyte system, it was shown that the CTE
pathway uses cellular factors that are also important for
cellular mRNA export (Pasquinelli et al. 1997; Saavedra
et al. 1997).
Efforts to find a cellular cofactor for CTE-dependent

nuclear RNA export led to the identification of Tap as a
cellular protein that specifically binds the CTE (Gruter
et al. 1998). The Tap protein, first identified as a poten-
tial cytoplasmic cofactor for the Tip oncogene encoded
by Herpes Virus Saimiri (Yoon et al. 1997), is a 619-
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amino-acid protein that is a mammalian ortholog of
Mex67p, a yeast mRNA export factor (Segref et al. 1997).
Tap binds specifically to CTE RNA in vitro and en-
hances the export of various CTE-containing RNA sub-
strates in Xenopus oocytes (Gruter et al. 1998; Braun et al.
1999; Bachi et al. 2000). In addition, the expression of
human Tap increases the expression of proteins from
CTE-containing RNA in quail cells (Kang and Cullen
1999). Mex67p has been shown to associate with RNA in
vivo, and temperature-sensitive Mex67 mutants display
a phenotype of rapid nuclear accumulation of poly(A)
RNA at the nonpermissive temperature (Segref et al.
1997). These results, together with the fact that Tap in-
teracts with the nuclear pore complex and shuttles be-
tween the nucleus and cytoplasm, have suggested Tap as
a major receptor for mRNA export.
NXT1 (p15) has been shown to be an important Tap

cofactor (Katahira et al. 1999; Braun et al. 2001; Guzik
et al. 2001), and Tap and NXT1 form heterodimers (Fri-
bourg et al. 2001). Nucleoporin binding by Tap, as well as
nucleocytoplasmic shuttling, are greatly enhanced by
formation of the Tap–NXT1 heterodimer (Levesque et al.
2001; Wiegand et al. 2002). Furthermore, Tap mutants
that cannot form Tap–NXT1 heterodimers are unable to
support Tap-mediated export of cellular mRNAs and of
RNAs where Tap is “tethered” to the RNA using Tap
fusion proteins (Guzik et al. 2001; Levesque et al. 2001;
Wiegand et al. 2002). A related protein, NXT2, can func-
tionally substitute for NXT1 in the dimer complex (Her-
old et al. 2000). Although NXT proteins are clearly of
importance for Tap function when Tap is recruited to
RNA in a non-sequence-specific manner or tethered to
RRE RNA through a nonfunctional Rev protein, it has
remained unclear whether either of the NXT proteins are
essential for Tap function in conjunction with the
MPMV CTE.
Many papers published in recent years have demon-

strated that cellular intron-containing mRNA receives a
protein “mark” at the exon–exon junctions after splicing
has been completed. Several proteins are present in this
exon junction complex (EJC), which has been proposed
to play a crucial role in nonsense-mediated decay (NMD)
of RNA containing premature stop codons (Le Hir et al.
2001). Previous studies have also shown that Tap/NXT1
heterodimers can bind to components of the EJC, poten-
tially supporting a role for this complex in export (Kim
et al. 2001; Le Hir et al. 2001). Very recently, it has been
argued that the EJC may play a role in translational regu-
lation after the RNA reaches the cytoplasm, rather than
directly function to promote export. Data from two dif-
ferent laboratories have shown that cellular cDNAs
lacking introns are exported from the nucleus, but are
less well translated than spliced RNA (Lu and Cullen
2003; Nott et al. 2003). Insertion of removable introns
increased the “translational yield,” leading to the hy-
pothesis that the EJC or proteins that associate with this
complex enhance cytoplasmic utilization (Le Hir et al.
2003).
In this paper, we present data to show that Tap can act

in conjunction with either NXT1 or NXT2 to signifi-

cantly enhance protein expression from intron-contain-
ing RNA containing the MPMV CTE. Specifically, our
results indicate that the Tap/NXT complexes enhance
polyribosome association and translation of intron-con-
taining RNA that has been exported to the cytoplasm
using the CTE. Thus Tap and NXT1 complexes are
likely to play an important role in translational regula-
tion beyond their previously proposed function as RNA
export receptors.

Results

The combination of Tap and NXT1 dramatically
enhances CTE function in 293T cells

We have previously shown that TapRevM10 fusion pro-
teins can efficiently substitute for Rev and act in con-
junction with the HIV RRE in 293T and other cells to
promote export of intron-containing RNA, providing
that the cells are also transfected with a plasmid that
expresses NXT1 (Guzik et al. 2001). To analyze whether
Tap and/or NXT proteins were also able to enhance ex-
pression from constructs containing the MPMVCTE, we
used our well-characterized HIV GagPol reporter system
(Smith et al. 1990; Bray et al. 1994; Guzik et al. 2001;
Coyle et al. 2003). In this system, HIV Gag and GagPol
proteins are expressed from an intron-containing RNA
that is only exported to the cytoplasm of transfected
cells in the presence of a specific export signal in the
RNA. Expression of these proteins leads to the produc-
tion of HIV virus-like particles that are efficiently se-
creted into the medium of transfected cells. These par-
ticles can be quantitated using an enzyme-linked immu-
nosorbent assay (ELISA) that measures p24, the major
HIV capsid protein. In the absence of a specific export
element, the RNA is not exported from the nucleus and
no GagPol expression is observed. To control for trans-
fection efficiency and effects that are not specific to the
intron-containing RNA pathway, cells are also trans-
fected with a plasmid expressing secreted alkaline phos-
phatase (SEAP), which can also be quantitated in the
medium. SEAP is expressed from an RNA that contains
one intron and is fully spliced before export to the cyto-
plasm.
We initially analyzed the effects of transfection of

plasmids expressing either Tap or NXT1 on MPMV CTE
function in transfected 293T cells using this reporter sys-
tem. Expression of either of these proteins alone had
little effect on the levels of p24 expressed from an HIV
GagPol reporter construct containing CTE. In contrast,
a very significant increase in the levels of p24 was ob-
served when the NXT1 and Tap plasmids were cotrans-
fected (see Fig. 1A). This effect was specific to the CTE-
containing RNA, because SEAP levels did not increase in
the presence of Tap and NXT1 (data not shown). The
enhancement of p24 was almost completely abrogated
when an arginine residue of NXT1 was mutated to glu-
tamine (R134Q). Mutations of this residue in NXT1 have
previously been shown to make NXT1 defective for
binding to the Tap protein (Fribourg et al. 2001). This
suggests that the observed effect of NXT1/Tap cotrans-
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fection may reflect a direct interaction between Tap and
NXT1.
To analyze whether the Tap and NXT1 enhancement

was specific for the CTE, we performed an experiment in
which the pCMVGagPolRRE reporter plasmid was trans-
fected into cells with or without Rev and in the presence
or absence of Tap and NXT1. The GagPolRRE plasmid is
similar to the GagPolCTE plasmid with the exception
that it contains an RRE instead of the CTE and thus
requires Rev for p24 expression. The GagPol RNA ex-
pressed from this plasmid thus uses the Crm1 pathway
for export. As can be seen in Figure 1B, no significant p24
expression was observed with the GagPolRRE plasmid in
the absence of Rev, and Rev cotransfection led to pro-
duction of large amounts of p24, confirming our previ-
ously published results (Smith et al. 1990; Bray et al.
1994; Guzik et al. 2001; Coyle et al. 2003). p24 levels did
not increase in the presence of Tap and NXT1 alone and
cotransfection of Tap and NXT1 with Rev led to de-
creased levels of p24 compared with the transfection
with Rev alone. This experiment has been repeated sev-
eral times with similar results, showing that the Tap and
NXT1 enhancement of p24 expression is specific for the
CTE-containing construct and that Tap and NXT1 over-
expression inhibits Rev/RRE-mediated p24 expression.
To further analyze the effects of NXT1 and Tap on

CTE expression, we performed an experiment in which
increasing amounts of either the NXT1 or Tap plasmid
were cotransfected with a constant amount of the other
plasmid. The results of these experiments demonstrated
that a significant enhancement of p24 expression was
obtained with as little as 10 ng of the NXT1 plasmid (Fig.
1C). Maximum expression was achieved using 100 ng of
plasmid. Essentially identical results were obtained
when a plasmid expressing NXT2 (Herold et al. 2000)
was used instead of NXT1 (Fig. 1D). In the case of Tap, a
dose response was also observed, with maximum en-
hancement using 1 µg of plasmid (Fig. 1E). As shown in
Figure 1F, the levels of “exogenous” Tap expressed in
this transfection are similar to those of “endogenous”
Tap expressed in these cells. Thus, it is not likely that
our results represent effects of high “nonphysiological”
levels of Tap/NXT proteins.

Tap/NXT does not significantly increase the
nucleo-cytoplasmic export of GagPolCTE RNA
in 293T cells

To determine if the Tap and NXT1-mediated enhance-
ment of CTE function occurred at the level of RNA ex-
port, Northern blot assays were performed on total and
cytoplasmic poly(A)-selected RNAs from transfected
cells. The blots were analyzed with a probe specific for
the HIV GagPol message, as well as with a probe specific
for the control SEAP mRNA. For comparison, a similar
analysis was also performed on cells transfected with
pCMVGagPolRRE alone or in cotransfections with
pCMV-Rev. Previous studies have shown that no Gag-
PolRRE RNA is exported to the cytoplasm unless Rev is

Figure 1. Effects of Tap and NXT1 on p24 expression from a
GagPolCTE reporter construct in 293T cells. (A) Exogenously
added Tap and NXT1 dramatically enhance p24 expression. 293T
cells (3 × 106) were transfected with 5 µg of pCMVGagPolCTE and
0.25 µg of pCMVSEAP with or without 2 µg of pCMVTap and
1 µg of pcDNANXT1 or pcDNANXT1R134Q. At 72 h post-
transfection, supernatants were collected and analyzed for p24
levels and SEAP activity. The p24 values shown have been nor-
malized for SEAP activity. (B) Rev function is inhibited by ex-
pression of exogenous Tap and NXT1. 293T cells (3 × 106) were
transfected with 5 µg of pCMVGagPolRRE and 0.25 µg of
pCMVSEAP with or without 2 µg of pCMVTap and 1 µg of
pcDNANXT1 in the absence or presence of 1 µg of pCMVRev.
Supernatants were harvested and analyzed as described in Fig-
ure 1A. (C) The effect of increasing amounts of NXT1 on p24
expression from a GagPolCTE reporter in 293T cells. Transfec-
tions and analysis are as described in the legend of Figure 1A
except that the amount of pcDNANXT1 was varied. (D) The
effect of increasing amounts of NXT2 on p24 expression from a
GagPolCTE reporter in 293T cells. Transfections and analysis
are as described in the legend of Figure 1A except that the
amount of pcDNANXT2 was varied. (E) The effect of increasing
amounts of Tap on p24 expression from a GagPolCTE reporter
in 293T cells. Transfections and analysis are as described in the
legend of Figure 1A. (F) Analysis of Tap proteins in trans-
fected 293T cells. Cells (3 × 106) were transfected with 5 µg of
GagPolCTE reporter constructs together with 1 µg each of
pCMVTap and pcDNANXT1 plasmids, harvested at 65 h post-
transfection and analyzed by Western blot. The Western blot
was performed on whole-cell lysates using an anti-Tap poly-
clonal antibody, and 125I-coupled protein A for detection. Exog-
enous and endogenous Tap proteins are indicated. Tap ex-
pressed from the transfected plasmid lacks 60 amino acids at the
N-terminal end, compared with the endogenously expressed
Tap protein.
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provided (Bray et al. 1994; Guzik et al. 2001; Coyle et al.
2003).
As can be seen in Figure 2A, Tap and NXT1 did not

increase the levels of GagPolCTE RNA that were de-
tected in total RNA preparations. The CTE-containing
RNA was also readily detected in the cytoplasmic frac-
tion even in the absence of transfected Tap and NXT1,
and the levels of RNA in the cytoplasm were only
slightly increased in the cells cotransfected with Tap and
NXT1. This is consistent with our recently published
results, showing that the CTE alone mediates efficient
export of GagPol RNA in 293T cells (Coyle et al. 2003).
In contrast, virtually no GagPolRRE RNA was detected
in the cytoplasmic fraction in the absence of Rev, al-
though this RNA was readily detected when total RNA
was analyzed (Fig. 2B). This confirms our previous ex-
periments showing that Rev is essential for export of the
RRE-containing RNA expressed from the reporter and
demonstrates proper fractionation of the cells during the
preparation of the cellular extracts.

To further analyze the localization of GagPolCTE
RNA in the absence or presence of Tap and NXT1, we
performed an RNA in situ hybridization experiment us-
ing transfected 293T cells. Cells expressing GagPolRRE
RNA with or without Rev coexpression were used as con-
trols in this experiment. The results of this experiment
are shown in Figure 3. As expected, cells transfected
with the GagPolRRE plasmid alone showed only nuclear
fluorescence (Fig. 3, upper left panel). In contrast, the
fluorescence was almost exclusively cytoplasmic in the
presence of Rev (Fig. 3, lower left panel). This is consis-
tent with previous studies and the Northern blot results
presented above and confirms that Rev is essential for
the cytoplasmic appearance of GagPolRRE RNA. In cells
transfected with pCMVGagPolCTE alone, a signal was
observed mainly in the cytoplasm, and the localization
did not visibly change in the presence of Tap and NXT1
(Fig. 3, right panels). In fact, the localization and inten-
sity of the signal observed in the cells expressing Gag-
PolCTE RNA both in the absence and in the presence of
Tap and NXT1 were very similar to those observed with
GagPolRRE in the presence of Rev. Taken together with
the Northern blot results, this suggested that Tap and
NXT1 may function to specifically increase the utiliza-
tion of CTE-containing RNA in the cytoplasm, as was
previously shown for Sam68 (Coyle et al. 2003).

Figure 3. In situ RNA hybridization of RNA produced from
pCMVGagPolCTE and pCMVGagPolRRE. (A,B) Rev coexpres-
sion causes relocalization of GagPolRRE RNA to the cytoplasm.
(C,D) Tap and NXT1 coexpression does not visibly change the
cytoplasmic localization of GagPolCTE RNA. 293T cells were
transfected with the indicated constructs as described in Figure
1A,B. At 48 h after transfection, cells were fixed and hybridized
to an anti-sense digoxigenin (DIG)-labeled DNA oligonucleo-
tide probe complementary to a Gag sequence. Hybridization
was detected with an anti-DIG antibody conjugated to FITC.
Hybridization signals were visualized by LSM5 PASCAL confo-
cal microscope (Zeiss).

Figure 2. Tap and NXT1 do not specifically increase the levels
of cytoplasmic CTE RNA in 293T cells. (A) 293T cells (1 × 107)
were transfected with 20 µg of the pCMVGagPolCTE reporter
plasmid and 5 µg of pCMVSEAP in the presence or absence of
6 µg of pCMVTap, and 3 µg of pcDNANXT1. (B) 293T cells
(1 × 107) were transfected with 20 µg of pCMVGagPolRRE and
5 µg of pCMVSEAP in the presence or absence of 5 µg of
pCMVRev. Northern blot analyses were performed on cytoplas-
mic and total poly(A)+ RNA isolated from the 293T cells 65 h
after transfection. GagPol- and SEAP-specific mRNAs were de-
tected using specific radiolabeled DNA probes. The blots were
analyzed using a Molecular Dynamics PhosphorImager and Im-
ageQuant software. Brackets show the fold difference between
the indicated lanes in the levels of the GagPol RNA bands after
adjustment for variations in SEAP RNA levels.

Jin et al.

3078 GENES & DEVELOPMENT



Tap and NXT1 increase the rate of synthesis
of proteins translated from GagPolCTE RNA

Because our results showed that Tap and NXT1 increased
p24 accumulation without a corresponding increase in
RNA levels, we next decided to analyze whether this
was a direct result of an increased rate of protein synthe-
sis. GagPolCTE and GagPolRRE constructs normally
give rise to polyproteins that are cleaved by the HIV pro-
tease and bud from transfected cells as virus-like par-
ticles. Because of this, it is difficult to directly visualize
the primary translation product in transfected cells. This
precludes a straightforward measurement of the rate of
protein synthesis by examining the accumulating pro-
tein directly. To overcome this problem, we therefore
constructed two new plasmids, pCMVGagPolCTE(myr−

pro−) and CMVGagPolRRE(myr− pro−). These plasmids
have point mutations in the HIV protease active site that
make the protease inactive (pro−) and in the N terminus
of Gag that destroy the myristoylation signal (myr−).
Thus only nonmyristoylated Pr55Gag and Pr160GagPol
precursors are expected to be produced from these vec-
tors (Smith et al. 1993). Because myristoylation is re-
quired for virus particle budding, these proteins would be
expected to remain inside the transfected cell in an un-
cleaved form. This was verified by showing that no p24
appeared in the medium supernatant (data not shown)
and that only uncleaved Pr55Gag proteins accumulated
in the cytoplasm of transfected cells (see below).
In initial experiments, we transfected 293T cells with

these modified constructs ±Rev or Tap and NXT1.
Pr55Gag accumulation was measured by Western blot
analysis 65 h posttransfection (Fig. 4). As can be seen in
this figure, Tap and NXT1 increased protein accumula-
tion translated from the CTE construct ∼40-fold, whereas
Rev increased expression of Pr55Gag from the RRE con-
struct 64-fold.
To directly analyze if Tap/NXT1 affected the rate of

protein synthesis and/or stability of the synthesized pro-
teins, we performed pulse-chase experiments on cells
transfected with the modified (myr− pro−) CTE con-

struct. As before, we compared this with protein synthe-
sis from the RRE ± Rev. At 24, 30, and 36 h posttrans-
fection, cells were pulsed with 35S-Translabel (methio-
nine and cysteine) for 15 min. The cells were then
washed twice with PBS and harvested (pulse), or re-fed
with growth medium containing excess cold amino ac-
ids, and harvested 10 h later (chase). Cell lysates were
subjected to immunoprecipitation using a mouse anti-
Gag(p24) monoclonal antibody and analyzed for Pr55Gag
by SDS-PAGE and autoradiography. To compensate for
potential differences in immunoprecipitation efficiency
between samples, in vitro purified GST-p24 protein was
added to the cell lysates before the immunoprecipita-
tion. A second immunoprecipitation was also performed
on the supernatants after the initial immunoprecipita-
tion to judge the efficiency of the first precipitation.
Greater than 95% of each protein was pulled down in the
first precipitation (data not shown).
The results of this pulse chase experiment are shown

in Figure 5. Only a very small amount of Pr55Gag was
observed in the cells transfected with the GagPolCTE
plasmid alone, irrespective of whether cells were labeled
at 24, 30, or 36 h after transfection (Fig. 5A). The amount
of labeled protein did not decrease significantly after a
10-h chase, indicating that the proteins produced were
stable during this period. A significant increase in the
amount of Pr55Gag produced was observed in the pres-
ence of Tap and NXT1. Again, the protein produced was
stable during a 10-h chase period. In the case of the Gag-
PolRRE plasmid (Fig. 5B), as expected, little Pr55Gag was
seen in the absence of Rev, whereas large amounts of
stable Pr55Gag were observed in the presence of this
protein. These results demonstrate that expression of
Tap and NXT1 increases the rate of protein synthesis
from the GagPolCTE RNA in transfected 293T cells.
However, protein stability is not majorly affected by the
expression of these proteins, although the calculated
half-lives from the data shown in Figure 5 indicate that
the protein made in the absence of Tap/NXT1 is some-
what less stable than Pr55Gag expressed in the presence
of these proteins (24 h vs. 36 h). This clearly cannot
account for the differences in the rate of synthesis we
observed in the 15-min pulse, and we do not even know
if it is significant because of the difficulties in accurately
measuring the low amounts of proteins that are synthe-
sized in the absence of Tap/NXT1.

Tap and NXT1 promote polyribosome association
of CTE-containing RNA

To directly determine the fraction of GagPolCTE RNA
that was free in the cytoplasm or associated with poly-
ribosomes, we performed a polyribosome analysis on
cells transfected with GagPolCTE ± Tap and NXT1. As
before, cells transfected with GagPolRRE ± Rev served as
controls. To perform the polyribosome analysis, Triton
X-100-treated cell lysates were centrifuged on sucrose
gradients that were fractionated. RNA was isolated from
each of the fractions and analyzed by semiquantitative
RT-PCR using primers specific for the GagPol mRNA

Figure 4. Analysis of Pr55Gag in 293T cells. 293T cells
(3 × 106) were transfected with 5 µg of pCMVGagPolRRE(myr−

pro−) or 5 µg of pCMVGagPolCTE(myr− pro−) reporter con-
structs, with or without 1 µg of pCMVRev or 2 µg of pCMVTap
and 1 µg of pcDNANXT1 as indicated. Cells were harvested at
65 h and analyzed by Western blot. The Western blot was per-
formed on whole-cell lysates of transfected cells with an anti-
p24 monoclonal antibody, and 125I-coupled protein A for detec-
tion. Brackets show the fold difference between the indicated
lanes in the levels of the Pr55Gag protein bands.
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(Fig. 6). To verify that the RT-PCR reactions were indeed
semiquantitative, we performed a similar analysis on 10-
fold diluted RNA samples. This gave signals that were
5–10-fold lower (data not shown).
In cells transfected with GagPolRRE, no specific RNA

signal was detected in any part of the gradient (Fig. 6A).
This is consistent with the fact that no RRE RNA
reaches the cytoplasm in the absence of Rev. In contrast,
a strong RNA signal was obtained in the polyribosomal
fractions in cells cotransfected with Rev (Fig. 6B). Little
or no RNA was detected in the lighter fractions of the
gradient.
In cells transfected with GagPolCTE alone, specific

RNA was detected in several of the lighter gradient frac-
tions, but little RNA was associated with polyribosomes
(Fig. 6C). Some of the cytoplasmic RNA sedimented in
the “monosome” region of the gradient, whereas addi-
tional RNA was detected in lighter fractions. When co-
transfected with Tap and NXT1, a substantial portion of
the RNA was shifted to the polyribosomal part of the
gradient (Fig. 6D). However, some of the RNA remained
in the nonpolyribosomal part of the gradient, probably
reflecting the fact that not all cells are cotransfected

with both Tap and NXT1. In contrast to the CTE RNA,
the spliced SEAP mRNA expressed from the control
plasmid was present in the polyribosomal fractions both
in the absence and presence of cotransfected Tap/NXT1.
These results demonstrate that, in the absence of ex-

ogenously added Tap and NXT1, GagPolCTE RNA re-
sides in stable complexes in the cytoplasm of 293T cells
that are not associated with polyribosomes. Coexpres-
sion of Tap and NXT1 causes the movement of this
RNA into polyribosomes. This is consistent with all of
the p24 and Pr55Gag expression results presented above.
The data show that Tap and NXT1 promote polyribo-
some association and protein translation of GagPolCTE
RNA, in addition to the role in RNA export previously
proposed for these proteins.
All of the above experiments were performed on cells

that were transiently transfected with GagPolCTE RNA.
To analyze whether Tap and NXT1 would have similar
effects on a CTE-containing RNA that was expressed
from integrated DNA, we established 293T cell lines us-
ing pCMVGagPolCTE and a plasmid expressing hygro-
mycin. Several independent cell lines were established
and shown to produce only very low amounts of p24. To

Figure 5. Pulse-chase analysis of Pr55Gag protein. (A) Protein expressed from pCMVGagPolCTE(myr− pro−) in transfected 293T cells
at various times posttransfection. 293T cells (3 × 106) were transfected with 5 µg of pCMVGagPolCTE(myr− pro−) with or without 2
µg of pCMVTap and 1 µg of pcDNANXT1. (B) Protein expressed from pCMVGagPolRRE (myr− pro−) in transfected 293T cells at various
times posttransfection. 293T cells (3 × 106) were transfected with 5 µg of pCMVGagPolRRE (myr− pro−) with or without 1 µg of
pCMVRev. Cells were pulsed with 35S Trans-label (methionine/cysteine) for 15 min at the indicated times after transfection and
chased for 10 h. (Upper panels) Lysates were made, labeled GST-p24 was added as a recovery control, and immunoprecipitation was
performed using an anti-p24 monoclonal antibody (183-H12-5C). (Lower panels) The precipitates were analyzed on a SDS polyacryl-
amide gel using a PhosphorImager. The locations of the immunoprecipitated Pr55Gag and the control GST-p24 protein are indicated.
The amount of radioactivity in each Pr55Gag protein band is shown for each time point both before and after the chase period. The
data have been normalized using the intensity of the recovery control protein GST-p24 in each sample. The analysis was performed
using ImageQuant software. Band intensity units represent the radioactivity in each band derived from the pixel intensity on the
PhosphorImager screen.
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analyze the effects of Tap and NXT1, we chose one of
these cell lines (B2.10) for further experiments. Cotrans-
fection of Tap- and NXT1-expressing plasmids led to a
very significant increase in p24 expression from this cell
line (data not shown). A polyribosome analysis of trans-
fected cells demonstrated that whereas the GagPolCTE
RNA was present almost exclusively in the nonpolyri-
bosomal fractions in cells lacking exogenously added
Tap and NXT1, a significant amount of RNA shifted to
the polyribosomal fractions after transfection of plas-
mids expressing these proteins (Fig. 6E,F). These results
confirmed that Tap and NXT1 promote polyribosome
association and translation of proteins also in cell lines
stably expressing intron-containing RNA.

Tap, but not NXT1, associates with polyribosomes
in transfected 293T cells

Finally, to determine whether either Tap or the NXT1
protein was associated with polyribosomes, we subjected

the fractions from the polyribosome gradient to immu-
noprecipitation using Flag antibodies coupled to agarose
beads. These antibodies immunoprecipitate both Tap
and NXT1, because both of the expressed proteins con-
tain N-terminal Flag epitopes. This was confirmed in
immunoprecipitation experiments on lysates from trans-
fected cells, which showed that both Tap and NXT 1
were efficiently immunoprecipitated using Flag beads
(data not shown). When gradient fractions were ana-
lyzed, both Tap and NXT1 proteins were immunopre-
cipitated from the lighter portions of the gradient (Fig.
7A). In contrast, only Tap was detected in the polyribo-
some fractions. When EDTA was added to the lysate to
dissociate the polyribosomes (Fig. 7B), Tap was no longer
present in the denser part of the gradient and was found
primarily in the same fractions where the GagPolCTE
mRNP complex was detected in the absence of Tap/NXT1
(Fig. 6C). This is consistent with the fact that the EDTA

Figure 6. Polyribosome profile analysis of GagPol mRNA. (A–
D) Polyribosome profiles in transfected 293T cells. 293T cells
(1 × 107) were transfected with the indicated constructs as de-
scribed in Figure 2, A and B. (E,F) Polyribosome profiles in B2.10
cells stably expressing GagPolCTE RNA. B2.10 cells (1 × 107)
that were transfected with 6 µg of pCMVTap and 3 µg of
pcDNANXT1 or not transfected were analyzed. Forty-eight
hours after transfection, cells were harvested and subjected to
sucrose gradients centrifugation as described in Materials and
Methods. The gradients were fractionated, and the O.D.254 of
each fraction was measured. RNA was then prepared from each
fraction by phenol extraction and assayed for GagPol or SEAP
mRNA by semiquantitative RT-PCR. The absorbance profile of
each gradient, as well as the RT-PCR product derived from each
fraction, is shown.

Figure 7. Tap, but not NXT1, is present in the polyribosome
fractions containing GagPolCTE RNA. (A) 293T cells (1 × 107)
were transfected with 15 µg of pCMVGagPolCTE, 6 µg of
pcDNAFLAGTap, and 3 µg of pcDNANXT1 and subjected to
polyribosome analysis as described in Materials and Methods.
The gradients were fractionated and the O.D.254 of each fraction
was measured. Proteins from each fraction were immunopre-
cipitated using an anti-FLAG antibody (Sigma), and the precipi-
tates were resolved by SDS-PAGE and analyzed by Western
blotting using the same anti-FLAG antibody. The bands for Tap
and NXT1 proteins are indicated. (B) The same as in A, except
that 15 mM EDTA was added to the lysate before gradient
analysis. This has been shown to cause the dissociation of ri-
bosomes from mRNAs without disrupting the majority of non-
ribosomal RNA–protein complexes (Calzone et al. 1982; Jo-
hannes and Sarnow 1998).
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was used at a concentration of 15 mM, which has been
shown to cause the dissociation of ribosomes from
mRNAs without disrupting the majority of nonribo-
somal RNA–protein complexes (Calzone et al. 1982;
Johannes and Sarnow 1998). These results suggest that
Tap stays associated with the CTE-containing RNA in
polysomes or binds to ribosomal components, whereas
NXT1 is dissociated from the translation complex prior
to, or at the start of translation.

Discussion

The results presented in this paper indicate that Tap and
NXT1 or NXT2 play a role in promoting efficient trans-
lation of unspliced RNA that contains the MPMV CTE,
in addition to the previously proposed roles for these
proteins in mRNA export. They also establish a role for
NXT in CTE function.
Although Tap and NXT predominantly localize to the

nucleus at “steady state,” previous studies have shown
that they are shuttling proteins (Bear et al. 1999; Black
et al. 1999; Kang and Cullen 1999). The experiments pre-
sented here show that both the Tap and NXT1 proteins
can be readily detected in the cytoplasm of transfected
cells. However, only Tap is associated with polyribo-
somes. This suggests that NXT1 leaves the RNA con-
comitant with translation initiation, whereas Tap re-
mains on the RNA or associates with ribosomal compo-
nents. The association of Tap/NXT–RNA complexes
with the translation initiation machinery may lead to a
remodeling of the mRNP complex, resulting in the re-
lease of NXT. Recent experiments using intron-contain-
ing and intronless cellular cDNA constructs have indi-
cated that the EJC may serve to promote translation
(Le Hir et al. 2003; Lu and Cullen 2003; Nott et al. 2003),
in addition to its previously proposed roles in RNA ex-
port and nonsense-mediated decay (NMD; Maquat and
Carmichael 2001). Because there is evidence that the
Tap/NXT heterodimer associates with EJC complexes in
the nucleus and accompanies the RNA to the cytoplasm
(Kim et al. 2001; Le Hir et al. 2001), it seems possible
that the ability of the EJC to promote translation could
be another manifestation of Tap/NXT function at the
cytoplasmic level. In this context, it is of interest to note
that it has previously been shown that Y14, a component
of the EJC complex, remains associated with mRNAs in
the cytoplasm until they are translated (Dostie and Drey-
fuss 2002), and translation is required to remove Y14
from the mRNA complex. In view of these studies, we
propose that the ability of the CTE to directly recruit the
Tap/NXT heterodimer could serve as a “mark” in lieu
of components of the EJC to promote efficient transla-
tion of the unspliced RNA.
Another recent study using 293T cells showed that

Tap and NXT1 or NXT2 increased CAT expression from
unspliced RNA containing the CAT reporter ORF in the
HIV env intron (Braun et al. 2001). Although the effects
of overexpression of Tap and NXT seen in this study
were attributed entirely to increased RNA export, this
conclusion was based mainly on CAT expression levels.

Thus, it seems plausible that at least some of the ob-
served enhancement could reflect effects on translation
similar to the ones seen with the GagPol reporters that
were used in this study.
Tap is a member of a family of evolutionarily con-

served genes, the NXF (Nuclear Export Factor) family
(Herold et al. 2000). As indicated by the name, the initial
belief was that all of these proteins would serve more or
less related roles in RNA export. It was therefore surpris-
ing, when it was shown that at least one of the NXF
proteins (NXF5) localizes exclusively to the cytoplasm.
This protein is expressed in neuronal cells, and muta-
tions in this gene have been linked to a hereditary form
of male mental retardation (Jun et al. 2001; Frints et al.
2003). The current hypothesis is that this protein plays a
role in neuronal mRNA localization or translation or
both. Thus a cytoplasmic role for NXF proteins is not
unprecedented, and it will be of clear interest to see
whether other proteins in this family also function in
cellular processes other than export.
The fact that moderate overexpression of Tap and

NXT results in dramatic effects on protein expression
suggests that 293T cells are deficient in Tap and NXT
function. This is surprising, because Tap and the NXT
proteins have been proposed to play major roles in export
of most, if not all mRNAs, and the CTE-containing RNA
is efficiently exported from the nucleus in 293T cells. If
the endogenous Tap/NXT proteins are sufficient to ex-
port the RNA to the cytoplasm, it is not intuitive why
more should be needed for efficient translation. One pos-
sibility is that the essential export function of Tap/NXT
is served by other export receptor proteins in these cells.
Another possibility is that Tap is altered in 293T cells, so
that its export function remains intact, but its transla-
tion enhancement function is defective. Experiments are
presently under way to determine if the CTE RNA and
other mRNAs are still efficiently exported to the cyto-
plasm in 293T cells, when the levels of Tap and NXT are
further reduced using transdominant negative proteins
and siRNA strategies.
In this study, GagPolCTE RNA was shown to be inef-

ficiently translated in 293T cells in the absence of addi-
tional Tap/NXT1 expression. We have previously shown
that expression of the cellular Sam68 protein also leads
to increased cytoplasmic utilization of the CTE-contain-
ing RNA in 293T cells (Coyle et al. 2003). In addition, we
showed that Sam68 and Tap/NXT1 were able to syner-
gistically activate expression from the GagPolCTE RNA
in quail cells. A similar synergistic effect of Sam68 and
Tap/NXT1 has also been observed in 293T cells (data not
shown), suggesting the possibility that these factors act
in concert to promote translation. In contrast to the re-
sults with GagPolCTE, RRE-containing RNA is effi-
ciently translated in 293T cells in the presence of the
Rev protein. This suggests that Rev serves roles in the
cytoplasm, in addition to the well-established role in
RNA export. The fact that protein expression from the
RRE construct decreases in the presence of Tap/NXT1
might reflect a competition for limiting cytoplasmic cel-
lular factors involved in translational regulation.
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Even in the absence of transfected Tap/NXT or Sam68,
the exported GagPolCTE RNA is present in stable cyto-
plasmic mRNP complexes in 293T cells. It will be of
clear interest to determine the components of this com-
plex. Also, because RNAs that are exported to the cyto-
plasm without appropriate EJC complexes are believed
to be subject to degradation by the cytoplasmic NMD
machinery, it seems possible that the presence of a CTE
enables the RNA to avoid this fate.
Previous studies have shown that another family of

proteins, the ELAV or HuR proteins, appear to bind to
elements in the 3�-UTR of certain classes of mRNAs in
the nucleus, ultimately promoting their translation in
the cytoplasm (Antic and Keene 1998; Fan and Steitz
1998; Antic et al. 1999; Brennan et al. 2000). This has
been proposed to be part of a mammalian posttranscrip-
tional operon mechanism, in which nuclear mRNA-
binding proteins regulate mRNAs as subpopulations dur-
ing cell growth and development (Keene and Tenenbaum
2002). Our results seem to provide further evidence for
the regulation of RNAs in this manner.

Materials and methods

Plasmids

To facilitate identification, all of the plasmids used in this study
were indexed as numbers in the form pHRXXXX. The subge-
nomic HIV-1 reporter constructs pCMVGagPolRRE (pHR354)
and pCMVGagPolCTE (pHR1361; Srinivasakumar et al. 1997);
pCMVTap (pHR2128), a plasmid that expresses the Tap pro-
tein (Guzik et al. 2001); pcDNANXT1 (pHR2283; Black et al.
1999), a plasmid that expresses a FLAG-tagged NXT1 protein;
pCMVRev (pHR30; Smith et al. 1993), a plasmid that expresses
the HIV Rev protein; and pCMVSEAP (pHR1831), a plasmid that
expresses secreted alkaline phosphatase (SEAP; Cullen and
Malim 1992), have been described previously. pcDNANXT2
(pHR2606) was constructed by inserting the NcoI fragment from
pGEX-p15a (a kind gift from Elisa Izaurralde, EMBL) into the
BamHI site of pcDNA-FLAG. pcDNAFLAGTap (pHR2352) and
pcDNANXT1R134Q (pHR2600) were kindly provided by Lyne
Levesque and Bryce Paschal (University of Virginia). pCMVGag-
PolRRE(myr− pro−) (pHR2899) and pCMVGagPolCTE(myr− pro−)
(pHR2900), containing point mutations in the myristoylation
signal and pro region of the HIV gagpol gene, were made by SOE
PCR (Horton et al. 1990; Horton 1995). To make the myristoyla-
tion signal mutation (myr−), a G-to-T change was made in the
second codon of Gag, resulting in a glycine-to-valine substitu-
tion in the second amino acid of MA(p17). To make the protease
mutation (pro−), an A was changed to a G in a codon that re-
sulted in an aspartate-to-glycine mutation in the active site of
the protease at amino acid 25.

Cell lines and transient transfections

293T/17 cells (Pear et al. 1993) were maintained in Iscove’s
Modified Dulbecco’s medium supplemented with 10% bovine
calf serum. 293T/17 cells were transfected by using a calcium
phosphate transfection protocol (Graham and van der Eb 1973).
B2.10, a 293T-derived cell line stable expressing GagPolCTE
RNA, has been described previously (Coyle et al. 2003). Trans-
fections were performed with the amounts of plasmids stated in
the figure legends.

p24 ELISA and SEAP quantitation

Supernatants from transfected cells were collected at 65 to 72 h
posttransfection and subjected to a short spin in a microcentri-
fuge to remove residual cells and debris. p24 expression levels
were determined by an ELISA protocol using a p24 monoclonal
antibody (183-H12-5C) and pooled human anti-HIV immuno-
globulin G (Wehrly and Chesebro 1997). The p24 antibody was
obtained from the AIDS Research and Reference Reagent Pro-
gram and was contributed by Bruce Chesebro (National Insti-
tute of Allergy and Infectious Diseases–Rocky Mountain Labo-
ratories). SEAP activity in the supernatants was measured with
the Phospha-Light Chemiluminescent Reporter Kit (Tropix).

Western blot analysis and antibodies

The Western blot analysis was performed essentially as previ-
ously described (Hammarskjöld et al. 1986; Guzik et al. 2001).
For detection of HIV Gag proteins, blots were probed with the
mouse anti-p24 monoclonal antibody (183-H12-5C). For detec-
tion of FLAGTap and FLAGNXT1, blots were probed with anti-
FLAG M2 antibody (Sigma). To detect endogenous Tap, blots
were probed with a polyclonal Tap antibody raised in rabbits
against a GST-Tap(61–619) fusion protein produced from the
vector pGEX2T-Tap (pHR2123). Blots were normally developed
using a horseradish peroxidase-coupled second antibody and the
ECL system (Amersham Biosciences). For quantitation, after
washing to remove unbound first antibody, blots were probed
with a second species-specific antibody and 10 µCi/ml of 125I-
conjugated protein A. Quantitation was performed with a Mo-
lecular Dynamics PhosphorImager and ImageQuant analysis
software.

Purification of pGEXp24 fusion protein

To prepare glutathione S-transferase (GST)-p24, Escherichia
coli DH5� cells were transformed with the plasmid pGEXp24
(pHR163) and cultured in 2 mL of M9 minimal medium con-
taining 18 amino acids lacking methionine and cysteine at
37°C. The overnight culture was transferred to 50 mL of me-
dium, and incubation continued until the O.D. at 600 nm
reached 0.6 ∼ 0.8. At this time, 1 mM isopropylthiogalactopy-
ranoside (IPTG) was added, and incubation was continued for an
additional 4 h. Cells were then labeled with 5 µCi/mL 35S Trans-
label (methionine and cysteine) for 1 h. Cells were harvested
and disrupted by sonication in lysis buffer (50 mM Tris-HCl at
pH 8.0, 1% Triton X-100, and 1× protease inhibitor cocktail; Sig-
ma). Cleared supernatant was incubated with glutathione-aga-
rose beads, and the bound GST fusion protein was eluted with
freshly prepared elution buffer (100 mM Tris-HCl at pH 8.0 and
10 mM glutathione), containing the protease inhibitor cocktail
(Sigma).

35S labeling and immunoprecipitations

Transfected 293T cells were washed twice with methionine-
and cysteine-free Dulbecco’s modified Eagle’s medium (GIBCO/
Invitrogen) and then incubated for 15 min at 37°C in labeling
medium containing 200 µCi 35S Trans-label (ICN) and 10% dia-
lyzed bovine calf serum. Cells were lysed by adding 1 mL of
lysis buffer (150 mM NaCl, 10 mM Tris-HCl at pH 7.4, 1%
NP-40, 1% deoxycholate, 1.5% sodium dodecyl sulfate). Lysates
were cleared by centrifugation, and protein concentration was
determined by colorimetric analysis (Bio-Rad). 35S-labeled GST-
p24 protein was added as an internal control. Pr55Gag was im-
munoprecipitated from 200 µg of total cell lysates with 10 µg of
mouse anti-p24 monoclonal antibody (183-H12-5C) followed by
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30 µL of 50% protein G-Sepharose beads (Amersham Biosci-
ences). The protein-bead mixture was incubated for 1.5 h at 4°C.
Samples were washed two times with 500 µL of lysis buffer and
one time with 500 µL of wash buffer (10 mMTris-HCl at pH 8.0,
100 mM NaCl, 1 mM EDTA at pH 8.0) with centrifugation at
500g for 3 min. The beads were then resuspended in 1× SDS
sample buffer, boiled for 5 min, and centrifuged briefly. Eluted
proteins were resolved by electrophoresis on a 15% SDS-poly-
acrylamide gel. Quantitation was performed using a Molecular
Dynamics PhosphorImager on the dried gel and ImageQuant
analysis software.

Polyribosome analysis

Transfected cells (2 × 107) were exposed to 50 µg/mL cyclohexi-
mide for 5 min at 48 h posttransfection, harvested by trypsin-
ization, washed twice with cold PBS, and resuspended in 0.5 mL
of cold RSB buffer (10 mM Tris-HCl at pH 7.4, 10 mM NaCl,
3 mM MgCl2). The trypsin and PBS also contained 50 µg/mL
cycloheximide. After the addition of an equal volume of RSB
containing 1% Triton X-100, 1% deoxycholate, and 2% Tween
20, the suspension was incubated for 10 min on ice and centri-
fuged for 10 min at 10,000g. In some experiments, EDTA was
added to a final concentration of 15 mM in order to disrupt the
polysomes (Calzone et al. 1982; Johannes and Sarnow 1998).
The supernatant lysates were loaded onto gradients of 10% to
50% (w/v) sucrose in 10 mMTris-HCl (pH 7.6), 75 mMKCl, and
3 mM MgCl2. After centrifugation in an SW41 rotor for 2 h at
36,000 rpm and 4°C, the gradient was collected from the top
into 20 fractions and the O.D.254 was determined for each frac-
tion. Sodium dodecyl sulfate (SDS) was added to a final concen-
tration of 0.5%, and each fraction was extracted with phenol
and then twice with phenol–chloroform. The nucleic acids in
the aqueous phase (the bottom phase at high sucrose concen-
trations) were precipitated with ethanol and resuspended in wa-
ter. After DNAse I (NEB) treatment, they were assayed by the
reverse transcriptase–polymerase chain reaction method (RT-
PCR). The primers for RT-PCR of the GagPol mRNA were top
strand primer, 5�-AGACCGGTTCTATAAAACTCTAAGAGC
CG-3�, and bottom strand primer, 5�-GGCCAGATCTTCCCT
AAAAAAATTAGCCTGTCTCTCAG-3�.
The primers used for RT-PCR of the SEAP mRNA were top

strand primer, 5�-TTCCAGACCATTGGCTTGAGT-3�, and
bottom strand primer, 5�-TTGCCGCGTGTCGTGTT-3�.
RNA was used to synthesize cDNA using these primers and

AMV-RT (Roche) for 45 min at 48°C. The cDNAs were ampli-
fied using PCR for 25 cycles. Each cycle consisted of 30 sec of
denaturation at 94°C and 120 sec of annealing/extension at
60°C. At the end of the PCR cycles, incubation was continued
for 7 min at 62°C. PCR products were analyzed on a 1% agarose
gel. To ensure that these assays were semiquantitative, 10-fold
dilutions of the samples were also amplified and verified to give
signals that were ∼10-fold lower.

RNA fractionation and Northern blot analysis

The methods used for nuclear and cytoplasmic RNA extraction,
poly(A) mRNA selection, and Northern blot analysis were pre-
viously described (Hammarskjöld et al. 1986, 1994). 293T cells
were harvested at 65 h posttransfection. A SacI–Bgl II (nucleo-
tides 682–2093) fragment of the HIV-1 BH10 clone and BamHI
fragment of the human SEAP cDNA (nucleotides 213–1698)
were labeled with [�-32P]dCTP by using the T7 Quickprime Kit
(Pharmacia). Northern blots were quantitated with a Molecular
Dynamics PhosphorImager and ImageQuant analysis software.

RNA in situ hybridization

293T cells were cotransfected with 5 µg of either pCMVGagPolRRE
orCTE reporter plasmidswith orwithout 1 µg of pCMVRev (pHR30)
or 2 µg of pCMVTap (pHR2128) and 1 µg of pcDNANXT1
(pHR2283). Twenty-four hours posttransfection, cells were seeded
onto 0.1% gelatin-coated coverslips and incubated for another 24 h.
Cells were then fixed with 4% paraformaldehyde-PBS, and in situ
hybridization was carried out as previously described (Coyle et al.
2003).
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