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There is now convincing evidence that the human Tap protein plays a critical role in mediating the nuclear
export of mRNAs that contain the Mason-Pfizer monkey virus constitutive transport element (CTE) and
significant evidence that Tap also participates in global poly(A)* RNA export. Previously, we had mapped
carboxy-terminal sequences in Tap that serve as an essential nucleocytoplasmic shuttling domain, while others
had defined an overlapping Tap sequence that can bind to the FG repeat domains of certain nucleoporins.
Here, we demonstrate that these two biological activities are functionally correlated. Specifically, mutations in
Tap that block nucleoporin binding also block both nucleocytoplasmic shuttling and the Tap-dependent
nuclear export of CTE-containing RNAs. In contrast, mutations that do not inhibit nucleoporin binding also
fail to affect Tap shuttling. Together, these data indicate that Tap belongs to a novel class of RNA export factors
that can target bound RNA molecules directly to the nuclear pore without the assistance of an importin (3-like
cofactor. In addition to nucleoporins, Tap has also been proposed to interact with a cellular cofactor termed
p15. Although we were able to confirm that Tap can indeed bind p15 specifically both in vivo and in vitro, a
mutation in Tap that blocked p15 binding only modestly inhibited CTE-dependent nuclear RNA export.
However, p15 did significantly enhance the affinity of Tap for the CTE in vitro and readily formed a ternary
complex with Tap on the CTE. This result suggests that p15 may play a significant role in the recruitment of
the Tap nuclear export factor to target RNA molecules in vivo.

While there has been considerable recent progress in under-
standing the mechanisms underlying the nucleocytoplasmic
transport of proteins and noncoding RNAs, the pathway(s)
used for nuclear export of cellular mRNAs remains undefined
(reviewed in references 13 and 30). However, recent data
strongly implicate the Tap protein expressed in vertebrate cells
and its yeast ortholog Mex67p as critical participants in the
process of mRNA export in both higher and lower eukaryotes
(6, 14, 18-20, 25, 26).

The identification of the human Tap protein as a possible
mRNA export factor initially resulted from efforts to identify
cellular proteins that specifically bind to functional forms of
the Mason-Pfizer monkey virus (MPMYV) constitutive trans-
port element (CTE), an RNA element that can activate the
nuclear export of incompletely spliced mRNAs when present
in cis (7, 14). Human Tap has been reported to significantly
enhance CTE function upon microinjection into Xenopus oo-
cytes and can rescue MPMV CTE function when expressed in
the otherwise nonpermissive quail cell line QCI-3 (6, 14, 19).
Tap has also been shown to shuttle between the nucleus and
cytoplasm, a general characteristic of nuclear transport factors,
and to partially colocalize with nuclear pore complexes, the
portals used for all nucleocytoplasmic transport (2, 19, 20).

While the evidence that Tap is a critical cofactor for CTE
function is therefore compelling, the evidence obtained from
vertebrate cells for a role for Tap in global mRNA export is
more circumstantial. The possibility that a cofactor required
for CTE-dependent nuclear RNA export might also be critical
for cellular mRNA export initially arose from the observation
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that microinjection of a CTE competitor into Xenopus oocyte
nuclei inhibited export of not only CTE-containing RNAs but
also of mRNAs (23, 24). In contrast, the nuclear export of
tRNAs, as well as the export of RNAs via the Crm1 pathway,
remained unaffected. Importantly, coinjection of human Tap
rescued both CTE-dependent and CTE-independent mRNA
transport (14), thus strongly suggesting that Tap is a critical
participant in both processes. Subsequently, Tap was shown to
be associated with global poly(A)" RNA in human cells and to
bind RNA nonspecifically in vitro (20). However, the affinity of
Tap for nonspecific RNAs is much lower than its affinity for
CTE RNA (14, 18, 19), and the mechanism of recruitment of
Tap to global poly(A)* RNA in vivo is therefore unclear.

A more compelling case for a role in global mRNA export
has been made for Mex67p, the Saccharomyces cerevisiae or-
tholog of Tap. Like human Tap, Mex67p is associated with
both total poly(A)* RNA and with nuclear pore complexes in
vivo (26). More importantly, however, Mex67p is essential for
viability in yeast, and a shift to a nonpermissive temperature in
cells bearing a temperature-sensitive allele of mex67 results in
the rapid nuclear accumulation of poly(A)" RNA (25, 26).
Both the association of Mex67p with nuclear pores and the
nuclear export of yeast poly(A)* RNA are dependent on a
second protein, termed Mtr2p, which forms a heterodimer with
Mex67p (17, 25). However, Mtr2p can localize to nuclear pores
independently of Mex67p and directly binds to at least one
yeast nucleoporin. Therefore, it has been suggested that the
Mex67p-Mtr2p heterodimer might represent a novel mRNA
export complex that can bind to both poly(A)* RNA, via the
Mex67p subunit, and to nuclear pores, via the Mtr2p subunit
(25).

Efforts to define the functional domain organization of the
619-amino-acid human Tap protein have led to the mapping of
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a CTE binding domain (approximately residues 80 to 372) and
a transportin-dependent nuclear localization signal (NLS; res-
idues 61 to 102) (1, 2, 6, 19, 20, 32). A third domain, extending
from approximately residue 540 to the Tap carboxy terminus,
has been shown to directly interact with nucleoporins, includ-
ing CAN/Nup214, and to promote the nuclear pore association
of Tap (2, 20). Independently, this third Tap domain was
shown to act as both an NLS and as a nuclear export signal
(NES) (19). Although mutational inactivation of the nucleocy-
toplasmic shuttling activity of this carboxy-terminal domain
blocked the ability of human Tap to rescue MPMV CTE func-
tion in quail cells, this domain could be functionally replaced
by the leucine-rich NES found in the human immunodeficiency
virus type 1 (HIV-1) Rev protein (19). Based on these data, it
appeared possible that the carboxy-terminal domain of Tap
may target ribonucleoprotein complexes to the nuclear pore,
and hence to the cytoplasm, by directly binding to nucleopor-
ins. However, because the nucleoporin binding activity and
nucleocytoplasmic shuttling activity of this Tap domain were
demonstrated independently, it has remained unclear whether
these two activities are indeed functionally related.

A fourth domain in Tap, extending from approximately res-
idue 352 to 550, was recently shown to bind to a cellular factor,
termed p15, that displays homology to the Ran-specific nuclear
import factor NTF2 but not obviously to yeast Mtr2p (20).
Surprisingly, while Tap expression cannot restore the viability
of Mex67p-deficient yeast, the combination of both Tap and
p15 rescued not only Mex67p-deficient yeast but also Mex67p-
and Mtr2p-deficient yeast (20). These data strongly suggest
(i) that human Tap-p15 can at least partially substitute for
Mex67p and Mtr2p in mediating mRNA export in yeast cells,
(ii) that the Tap/Mex67p mRNA export pathway has been
evolutionarily conserved, and (iii) that p15 is required for non-
sequence-specific mRNA export by Tap.

In this paper, we have further analyzed the interaction of
Tap with both CAN/Nup214 and p15 and have, in particular,
examined whether these interactions are important for the
Tap-induced export of mRNAs containing the MPMV CTE.
While nucleoporin binding was found to be absolutely critical
for Tap function, p15 binding only moderately enhanced Tap-
dependent CTE export. However, p15 did detectably increase
the in vitro binding affinity of Tap for CTE, and we were able
to readily demonstrate the formation of a specific ternary com-
plex containing CTE RNA, Tap, and the p15 protein. These
data demonstrate that nuclear export of RNA by Tap is criti-
cally dependent on carboxy-terminal sequences that act both as
a nucleoporin binding motif and as a nucleocytoplasmic shuttle
domain and raise the possibility that the primary biological role
of p15 may lie in mediating the non-sequence-specific recruit-
ment of Tap to cellular mRNA species.

MATERIALS AND METHODS

Plasmid construction. The following plasmids have been previously described:
the pBC12/CMV (8)-based metazoan expression plasmids pcTat, pBC12/CMV/
B-gal (31), pcHA-Tap, pcHA-TapA-Rev NES, and pcTat-Tap (19); the indicator
constructs pDM128/CTE (4), pTAR/CAT (31), and pCTE/CAT (19); the yeast
expression plasmids pVP16-HA-Tap (19), pIII/MS2/CTE (18), and pGAL4/CAS
(16); and the bacterial expression plasmid pGST-Tap(61-619) (19).

A DNA sequence encoding amino acids 61 to 619 of Tap [Tap(61-619)] was
inserted into the EcoRI and Sall sites of the yeast two-hybrid plasmid pGBT9
(Clontech) to generate pGBT9-Tap(61-619), which expresses the GAL4 DNA
binding domain fused to Tap(61-619). Wild-type Tap was expressed as a non-
fused protein in yeast cells using the pPGK expression plasmid (5). pPGBT9-Crm1
was produced by inserting the Crm1 coding sequence (11) into the BamHI and
Sall sites of pGBTY. Yeast expression plasmids pAD-CAN(1864-2090), pAD-
CAN(1805-2090), and pAD-CAN(1600-2090), expressing N-terminally deleted
forms of the nucleoporin CAN/Nup214 fused to the GAL4 activation domain
(AD), were derived from pACTII (Clontech) by inserting the corresponding
CAN coding sequence into the Ncol and Xhol sites of pACTII (20).
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A DNA sequence encoding the human p15 protein was amplified by PCR from
a Clontech human T-cell cDNA library and cloned between the EcoRI and Xhol
sites of pGEX4T-1 to generate pGST-p15. This same p15 sequence was also
cloned into the EcoRI1/Sall sites of pGBT9 or the EcoRI/Xhol sites of pVP16-HA
(18) to produce the yeast expression plasmids pGBT9-p15 and pVP16-HA-p15,
respectively.

Mutated metazoan, yeast, and bacterial Tap expression plasmids were gen-
erated by mutating targeted sequences in pcHA-Tap, pcHA-TapA-RevNES,
pcTat-Tap, pGST-Tap, pPGK-Tap, and pGBT9-Tap(61-619) to 5'-GCGGCCG
CC-3’, which encodes triple alanine and forms a NotI site, using a Quickchange
kit (Stratagene).

A two-nucleotide mutation (GA to CC) in nucleotides 5 and 6 downstream of
the transcription start site was introduced into the in vitro transcription plasmid
pGEM-3fZ(+) (Promega), thereby introducing a unique Bsp120I site. A syn-
thetic DNA sequence encoding the upper half of the CTE (nucleotides 8064 to
8120) (19) was then cloned into the Bsp1201 and Aval sites. The 67-nucleotide
RNA produced by in vitro transcription of this plasmid, after digestion with
Smal, contains an extended double helical stem that may stabilize the secondary
structure of the half-CTE RNA.

Cell culture and transfection. Quail QCI-3 cells and human 293T cells were
maintained as previously described (4, 8) and were transfected using DEAE-
dextran (8) or Lipofectamine (Life Technologies), respectively. All transfections
were performed on cell cultures in 35-mm-diameter plates, with pBC12/CMV/
B-gal (12) included as an internal control. The parental eukaryotic expression
plasmid pBC12/CMYV (8) was used as a fill-in plasmid or a negative control. In all
transfection experiments, chloramphenicol acetyltransferase (CAT) enzyme lev-
els were determined ~48 h after transfection, as previously described, and were
normalized to the level of B-galactosidase (3-Gal) activity present in the same
cell lysate (4).

Yeast two-hybrid analysis. Plasmids encoding the appropriate GAL4(1-147)
DNA binding domain and VP16 or GAL4(768-881) AD fusion proteins were
transformed into the yeast indicator strain Y190 (15) by standard techniques.
After 3 days of yeast growth at 30°C on selective culture plates, double trans-
formants were transferred to selective medium for overnight culture. The fol-
lowing day, cultures were lysed and assayed for B-Gal activity as previously
described (18).

Western blot analyses. Western blot analyses of protein expression levels in
transfected 293T cells or transformed yeast cells were performed as previously
described (3, 12) using a mouse monoclonal antibody specific for the hemagglu-
tinin (HA) tag (Roche Molecular Biochemicals) or the GAL4 DNA binding
domain (Santa Cruz Biotechnology).

HeLa cell microinjection. HeLa cells were maintained and microinjected as
previously described (16, 19, 32). Briefly, 2 days before microinjection, HeLa
cells were seeded onto CELLocate microgrid coverslips (Eppendorf Scientific) at
a density of 2 X 10° per 35-mm-diameter dish. The test proteins (final concen-
tration in phosphate-buffered saline [PBS], ~2 pg/ul) were coinjected with a
previously described (32) tetramethylrhodamine isothiocyanate-conjugated mal-
tose binding protein-simian virus 40 T-antigen (T-NLS) fusion protein as a tracer
(final concentration, 1.5 wg/pl) to verify the site of injection and as a negative
control. After injection, cells were incubated at 37°C for 40 min and then fixed
with 3% paraformaldehyde in PBS. The glutathione S-transferase (GST) fusion
proteins were visualized by indirect immunofluorescence using a polyclonal af-
finity-purified rabbit anti-GST antibody and a fluorescein isothiocyanate-conju-
gated donkey anti-rabbit antiserum. The subcellular localization of the injected
proteins was visualized using a Leica DMRB fluorescence microscope at X100
magnification.

Protein purification and gel shift analysis. GST fusion proteins, encoding
wild-type or mutant forms of Tap residues 61 to 619, were expressed and purified
on glutathione affinity resin as previously described (19). To further purify the
Tap fusion protein, the eluate from the glutathione beads was then loaded onto
a Bio-Rex 70 resin column and washed with equilibration buffer (20 mM HEPES
[pH 7.0], 1 mM EDTA, 0.1 mM dithiothreitol [DTT], 10% glycerol). Full-length
protein bound to the column was eluted with 400 mM sodium chloride in
equilibration buffer and concentrated using a Centricon 10 concentrator (Ami-
con, Beverly, Mass.). The GST-p15 fusion protein was affinity purified using the
same conditions as those previously described (19), and nonfused p15 protein
was then produced by cleavage with thrombin (Amersham Pharmacia Biotech).

The half-CTE RNA probe was labeled with [a-*?P]CTP using the Riboprobe
in vitro transcription system (Promega), and the total isotope incorporation was
determined by scintillation counting after column purification. The binding re-
action was carried out with ~10* cpm (~0.1 ng) of the probe and ~50 ng of
GST-Tap and/or p15 protein in 20 wl of binding buffer (150 mM KCl, 10 mM
HEPES [pH 7.6], 0.5 mM EGTA, 2 mM MgCl,, 1 mM DTT, 10% glycerol)
containing 4 pg of bacterial rRNA and 1 pg of yeast tRNA. Binding was allowed
to proceed for 20 min at 4°C, and the reaction products were then resolved on a
5% (40:1) native polyacrylamide gel and visualized by autoradiography.

RESULTS

Tap function requires nucleoporin binding. Previously, we
have reported that residues 540 to 619 of Tap form a nucleo-
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FIG. 1. Mutational analysis of the carboxy-terminal domain of human Tap.
(A) The 15 indicated alanine-scanning mutations were introduced into pcHA-
Tap, which expresses full-length human Tap bearing an amino-terminal HA
epitope tag. Each mutation results from introduction of the sequence 5'-GCG
GCCGCC-3’, which encodes three alanine residues. In cases where the mutated
sequence already encoded one or more alanines, e.g., A22, only one or two
encoded amino acid residues were changed, even though the underlying nucle-
otide sequence was different. Asterisks denote Tap mutants used for subsequent
analysis. (B) The biological activity of the indicated Tap mutants was analyzed by
cotransfection into quail QCI-3 cells along with the indicator construct pDM128/
CTE and the internal control plasmid pBC12/CMV/B-gal, as previously de-
scribed (19). The parental pBC12/CMV plasmid served as a negative control
(NEG). Cultures were harvested at ~48 h posttransfection, and the induced
CAT and B-Gal activities were determined (4). The indicated data represent the
averages of three independent transfections, with standard deviations indicated,
after correction for minor variations in the internal control. CAT activities are
given as counts per minute.

cytoplasmic shuttling domain that is essential for Tap-depen-
dent nuclear export of CTE-containing RNAs (19). Indepen-
dently, Katahira et al. (20) reported that residues 507 to 619 of
Tap are able to directly bind to the FG repeat domain of
CAN/Nup214 both in vivo and in vitro, as well as to a second
FG repeat nucleoporin termed hCGI1. These observations
raised the possibility that this domain might target Tap, and
hence any bound mRNA, to the cytoplasm by directly binding
to nucleoporins rather than to an intermediate export receptor
comparable to Crm1 or CAS.

To test this hypothesis, we performed alanine-scanning mu-
tagenesis of the Tap sequence between residues 540 and 619 in
the context of full-length Tap, as shown in Fig. 1A. The result-
ant Tap mutants were then assayed for their abilities to rescue
CTE-dependent RNA export in QCI-3 cells, as previously de-
scribed (18, 19), using the cat-based pDM128/CTE indicator
construct. As shown in Fig. 1B, three mutants (A15, A17, and
A23) proved inactive while the remainder were partially active
(A14, Al6, A18, A21, and A24) or essentially fully active (A10
through A13, A19, A20, and A22). We next selected the three
inactive Tap mutants and three fully active mutants and com-
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pared their abilities to bind to a segment of CAN/Nup214, i.e.,
residues 1805 to 2090, that was previously reported to interact
with Tap in the yeast two-hybrid assay (9, 20). As shown in Fig.
2A, the three active Tap mutants All, Al2, and A20 were
equivalent to wild-type Tap in their ability to bind to CAN/
Nup214 while the three inactive Tap mutants Al5, A17, and
A23 proved unable to detectably bind to this nucleoporin. This
lack of activity does not reflect destabilization of Tap by intro-
duction of these mutations, as Western analysis showed equiv-
alent levels of expression of all seven GAL4-Tap fusion pro-
teins in yeast cells (Fig. 2B). Further, these proteins are not
simply misfolded, as all seven Tap mutants proved fully able to
bind to the CTE RNA target when expressed as HIV-1 Tat
fusion proteins (Fig. 2C). The assay used relies on the ability of
the Tat protein to activate transcription from the HIV-1 long
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FIG. 2. Nucleoporin binding by Tap. (A) The ability of wild-type and mutant
Tap proteins to bind to the FG repeat domain of CAN/Nup214 was assayed by
yeast two-hybrid analysis (9, 20). Tap proteins (residues 61 to 619) were ex-
pressed fused to the GAL4 DNA binding domain, while residues 1805 to 2090 of
CAN/Nup214 were expressed fused to the GAL4 AD. After selection for trans-
formants, induced B-Gal activities were measured as previously described. Re-
sults are the averages of three experiments. mOD, milli-optical density units. (B)
The yeast lysates generated (A) were examined for GAL4-Tap fusion protein
expression levels by Western analysis using an antibody directed against the
GALA4 DNA binding domain. Mock, extract from nontransformed yeast cells. (C)
Abilities of the indicated Tap mutants to bind to the MPMV CTE were deter-
mined in transfected 293T cells using a previously described HIV-1 Tat-based
RNA binding assay (4, 19, 31). Briefly, the indicated Tap proteins were expressed
as HIV-1 Tat-Tap fusions. The pCTE/CAT indicator plasmid contains the HIV-1
LTR linked to the CTE target sequence. Recruitment of the Tat activation
domain to the LTR-proximal CTE by the fused Tap protein resulted in tran-
scriptional activation and, hence, enhanced CAT expression in cotransfected
cells. Unfused Tat and the mutant Tat-TapA5 fusion protein, both of which fail
to bind the CTE, served as negative controls. The pBC12/CMV/B-gal plasmid
served as an internal control. Data are averages of three experiments. CAT
activity is expressed in counts per minute. WT, wild type.
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FIG. 3. Nucleocytoplasmic shuttling by Tap fusion proteins. Recombinant
wild-type or mutant GST-Tap(61-619) fusion proteins were expressed in bacteria
and purified by affinity and ion-exchange chromatography. Each GST-Tap(61-
619) fusion protein was then mixed with a rhodamine-labeled fusion protein
consisting of the maltose binding protein (MBP) fused to the simian virus 40
T-antigen NLS (T-NLS), which served as an internal control. After microinjec-
tion into one nucleus in a binuclear HelLa cell, the culture was incubated at 37°C
for 40 min and fixed and the subcellular locations of the two injected proteins
were determined by fluorescence microscopy, as previously described (16, 19,
32). The second, noninjected nucleus in each binuclear cell is highlighted in the
middle row and is also visible in the parallel phase-contrast images shown in the
bottom row. These data are representative of several microinjected binuclear
cells.

terminal repeat (LTR) when tethered to an introduced, het-
erologous RNA target (27, 31). The previously described
pCTE/CAT indicator construct (19), which contains the CTE
inserted in place of the TAR RNA target found in the wild-
type HIV-1 LTR, is activated by the wild-type Tat-Tap fusion
protein when coexpressed in human 293T cells, but not by
unfused Tat or Tap or by a Tat-Tap fusion containing the AS
mutation previously shown (19) to block CTE binding (Fig.
2C). In contrast, all mutations introduced into the carboxy-
terminal domain of Tap resulted in mutants that bound to the
CTE RNA indistinguishably from wild-type Tap. From these
data we conclude that the C-terminal nucleocytoplasmic shut-
tling domain of Tap can indeed bind FG repeat nucleoporins,
as first reported by Katahira et al. (20), and that this interac-
tion is critical for the ability of Tap to mediate nuclear export
of target mRNA species. Analysis of nucleocytoplasmic shut-
tling by these Tap mutants, by microinjection of recombinant
GST fusion proteins into one nucleus in a binuclear HelLa cell,
showed that wild-type Tap and Tap mutants A1l and A12 all
shuttled while mutants A17 and A23 lacked any detectable
NES activity (Fig. 3 and data not shown). Therefore, nucleo-
cytoplasmic shuttling and nucleoporin binding by Tap are in-
deed functionally correlated.

Comparison of the abilities of nuclear export factors to bind
to CAN/Nup214. Nuclear export of mRNAs containing the
cis-acting HIV-1 Rev response element (RRE) RNA target
requires both recruitment of HIV-1 Rev to the RRE and
recruitment of the Crm1 nuclear export factor to the leucine-
rich Rev NES (4, 10, 22, 29). The Crm1 protein in turn directly
binds to the FG repeat domains of certain nucleoporins, in-
cluding CAN/Nup214, during the subsequent mRNA export
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process (22). The minimal sequence in CAN/Nup214 able to
bind to Crm1 has been mapped to residues 1864 to 2090, and
overexpression of this fragment of CAN/Nup214, which has
been termed ACAN, causes a relocalization of Crm1 from the
nuclear periphery to the nucleoplasm and strongly inhibits the
function of HIV-1 Rev and of other viral RNA export factors
that contain a leucine-rich NES (4, 11, 19, 33). This inhibition
is specific, as ACAN inhibits Rev function but not either CTE-
dependent mRNA export or cellular mRNA export. However,
if Tap, the cellular cofactor for CTE-dependent mRNA export,
also binds to the FG repeat domain of CAN/Nup214, then why
is ACAN a specific inhibitor of Crm1 function?

While ACAN, the CAN/Nup214 fragment that blocks Crm1
function, extends from residue 1864 to 2090, the carboxy-ter-
minal fragments of CAN/Nup214 that were identified during
the original yeast two-hybrid screen for Tap binding proteins
extended minimally from residue 1805 to 2090 (20). Therefore,
it seemed possible that the specific inhibition of Crm1 function
by ACAN(1864-2090) might reflect a difference between the
ability of this nucleoporin fragment to bind to Crm1 and its
ability to bind to Tap. As shown in Table 1, the fragment
comprising residues 1864 to 2090 of CAN/Nup214 indeed
bound only very weakly to the GAL4-Tap(61-619) fusion pro-
tein, even though this same ACAN fragment gave strong bind-
ing to a GAL4-Crm1 fusion protein. While extension of the
tested CAN/Nup214 sequence to residue 1805 increased the
interaction with GAL4-Tap(61-619) by ~28-fold, extension to
residue 1600 had no further enhancing effect. As a negative
control, a fusion protein consisting of the GAL4 DNA binding
domain linked to the CAS nuclear export factor did not bind
any tested CAN/Nup214 fragment, although binding to impor-
tin a2, a known export substrate for CAS, was readily detected
(Table 1) (16, 21). Using an in vitro binding assay, Bachi et al.
(1) have very recently also demonstrated that Crm1 can bind to
fragments of CAN/Nup214 extending from either residue 1690
to 2090 or from residue 1983 to 2090, while Tap is only able to
bind to the longer segment of CAN comprising residues 1690
to 2090. We therefore conclude that although both Crm1 and
Tap can bind to the FG repeat domain of CAN/Nup214, ef-
fective binding by Crm1 clearly requires a smaller number of
FG repeat elements. This difference presumably explains the
ability of ACAN to act as a selective inhibitor of Crm1 function
in vivo. It is also important to note that it is not presently clear
whether CAN/Nup214 is indeed a relevant target for Tap bind-
ing in vivo or whether it is instead simply serving as a surrogate,
in the two-hybrid assay, for another FG repeat nucleoporin(s)
that is the physiologically relevant target. Several other nucleo-
porins have in fact also been shown to specifically bind the

TABLE 1. Interaction of nuclear export receptors with
nucleoporin CAN in yeast cells”

Induced B-Gal activity” with®:

DNA binding
domain fusion AD-CAN AD-CAN AD-CAN AD—importin
(1864-2090) (1805-2090) (1600-2090) a2
GAL4 <10 <10 <10 <10
GAL4-Crml 9,936 28,064 9,880 <10
GALA4-Tap(61-619) 32 902 232 <10
GAL4-CAS <10 <10 <10 8,234

“The ability of the indicated GAL4 DNA binding domain fusions and
GALA4-AD fusions to interact in vivo was measured using the yeast two-hybrid
assay as described for Fig. 2A.

® In milli-optical density units per milliliter of lysate.

¢ The residues from each protein used in the relevant fusions are indicated. If
no residue numbers are shown, then the full-length protein was analyzed.
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FIG. 4. The pl5 protein is not required for Tap-dependent CTE RNA ex-
port. (A) The abilities of wild-type (WT) and mutant forms of Tap to bind to the
human p15 protein were determined by a yeast two-hybrid assay, as described for
Fig. 2A. AD-CAN (1805-2090), positive control. The A6 mutant contains three
alanines in place of Tap residues 381 to 383, while A7 contains alanines in place
of residues 415 to 417. mOD, milli-optical density units. (B) The A6 and A7
mutations were introduced into an amino-terminally HA epitope-tagged form of
wild-type Tap or into a previously described chimeric protein consisting of HA
epitope-tagged Tap residues 1 to 581 linked carboxy terminally to the HIV-1 Rev
NES (TapA-RevNES) (19). The abilities of these Tap derivatives to induce
CTE-dependent mRNA export from the nuclei of quail cells were then assessed
by cotransfection into QCI-3 cells, as described for Fig. 1B. (C) The expression
levels of the indicated Tap derivatives were quantified in transfected 293T cells
by Western analysis using an anti-HA epitope tag antibody. Mock, mock-trans-
fected 293T cells.

Tap C-terminal domain (1, 20). In contrast, Crm1 and CAN/
Nup214 can be coimmunoprecipitated from expressing cells
(11), and this interaction is therefore clearly relevant.

Binding to p15 facilitates, but is not essential for, Tap-
dependent CTE export. To determine whether pl5 binding
plays a role in mediating the nuclear export of CTE-containing
RNAs, we next introduced a number of alanine-scanning mu-
tations into the region of Tap shown by Katahira et al. (20) to
bind to pl5, i.e., residues 352 to 550. Two of these muta-
tions, termed A6 (381-ENL-383—AAA) and A7 (415-CCS-
417—AAA), reduced the binding of Tap to p15, as assessed by
a two-hybrid assay, but did not affect binding to CAN/Nup214.
Specifically, mutant A6 reduced binding by approximately two-
fold, while A7 blocked p15 binding entirely (Fig. 4A).

An analysis of the ability of these mutations to affect the
rescue by human Tap of CTE-containing RNA export in quail
cells revealed only a modest effect for the A6 mutation and an
approximately threefold inhibition for the A7 mutation, which
produces a mutant that entirely fails to bind p15 (Fig. 4B).
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Cotransfection of a human pl5 expression plasmid into the
QCI-3 cells did not exert any detectable phenotypic effect in
this assay (data not shown). A possible explanation for this
modest inhibition, suggested particularly by the known role of
Mtr2p in targeting Mex67p to the yeast nuclear pore (25), is
that loss of p15 binding might affect the ability of Tap to exit
the nucleus. To test this hypothesis, we introduced the A6 and
A7 mutations into the previously described TapA-RevNES fu-
sion protein, in which the essential carboxy-terminal Tap shut-
tling domain has been replaced with the Rev NES (19). We
reasoned that, if p15 is indeed acting to specifically enhance
nucleocytoplasmic shuttling by this Tap domain, then replace-
ment with the heterologous Rev NES should rescue the mod-
est but significant inhibition exerted by the A7 mutation. In
fact, however, the inhibitory effects exerted by the A7 mutation
in the context of Tap and of the TapA-RevNES chimera were
comparable (Fig. 4B). This modest inhibitory effect did not
reflect reduced protein expression, as all six Tap proteins were
expressed at comparable levels in transfected cells as assessed
by Western blot assay (Fig. 4C).

As a direct test of the effect of p15 on Tap nucleocytoplasmic
shuttling, we also expressed the A7 mutant in bacteria in the
context of the GST-Tap(61-619) fusion protein and then ex-
amined shuttling by microinjection into one nucleus in a binu-
clear HeLa cell. As shown in Fig. 3, the A7 mutation, which
blocks p15 binding, failed to detectably inhibit nucleocytoplas-
mic shuttling by Tap.

The p15 protein enhances CTE binding by Tap. We next
considered the possibility that the inhibition of Tap function
exerted by, particularly, the A7 mutation might reflect reduced
binding to the CTE. This would be an unexpected result, as we
and others have previously mapped the Tap CTE binding do-
main to between residues 80 and 372 using in vivo and in vitro
assays (6, 19). To test whether p15 can form a ternary complex
with the CTE and wild-type Tap, we analyzed this RNA bind-
ing event in vitro using exclusively recombinant proteins, in-
cluding fusion proteins consisting of GST linked to the wild-
type or A6 or A7 mutant forms of Tap residues 61 to 619. This
amino-terminally truncated form of Tap, whose first residue is
encoded by the second methionine codon in the Tap gene and
which was originally thought to be full-length (6, 14, 19), has
been shown to effectively rescue CTE RNA export in quail
cells (19) and is more easily expressed in intact form in bacteria
(data not shown). In addition, the pl5 protein was also ex-
pressed in bacteria and prepared as a purified unfused protein.
These reagents were then used to examine CTE binding by
Tap in vitro by electrophoretic mobility shift assay using a
32P-labeled half-CTE RNA probe.

As shown in Fig. 5A, the wild-type and mutant GST-Tap(61-
619) proteins all bound the half-CTE equivalently in the ab-
sence of p15 (lanes 3, 5, and 7) and the A6 and A7 mutations,
both of which lie outside of the mutationally defined minimal
Tap RNA binding domain, therefore do not directly affect
CTE binding by Tap. While no RNA binding by p15 alone was
detected (lane 2), the addition of wild-type GST-Tap(61-619)
or of the GST-TapA6(61-619) mutant together with p15 re-
sulted in a supershifted complex (Fig. 5A, C2) and, more
importantly, increased the level of CTE binding by 5- to 10-
fold (compare lanes 3 and 5 with lanes 4 and 6). No supershift
or increase in CTE binding was observed with the GST-
TapA7(61-619) protein, which is not predicted to bind to p15
(Fig. 5A, lanes 7 and 8). Similarly, a fusion protein consisting
of GST linked to the Tap RNA binding domain (residues 61 to
372), which lacks Tap sequences required for p15 binding, also
was unaffected by the addition of pl15 to the binding assay
mixture (Fig. 5A, lanes 9 and 10). We therefore conclude that
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FIG. 5. The pl5 protein enhances CTE binding by Tap. (A) The effect of
purified nonfused p15 protein on the abilities of wild-type and mutant forms of
the GST-Tap(61-619) fusion protein to bind the CTE in vitro was assessed using
an electrophoretic mobility shift assay. The probe used was a 3?P-labeled half-
CTE probe. Incubations were performed in the presence of 5 ug of nonspecific
RNA competitor and included 50 ng of GST-Tap(61-619) and/or p15 per reac-
tion, as indicated. The GST-Tap(61-372) fusion protein, which contained the
minimal Tap CTE binding domain but which lacked Tap sequences required for
p15 binding, was used in lanes 9 and 10. C1, complexes formed by Tap proteins
and the CTE; C2, proposed ternary complex containing CTE, GST-Tap, and p15.
Due to the small size of p15, this complex migrates only slightly more slowly than
the C1 complex. (B) Inactivation of p15 binding only modestly reduces CTE
binding by Tap in vivo, as assessed using the Tat-based RNA binding assay
described in Fig. 2C and previously (19). The AS mutant of Tap, which has lost
the ability to bind the CTE, served as a negative control. This experiment was
performed in triplicate in transfected human 293T cells and relies on endogenous
human p15 protein. CAT activity is expressed in counts per minute.

Tap and pl5 can form a ternary complex with the CTE RNA
and that a Tap-p15 heterodimer or higher-order multimer can
bind to the CTE with a higher affinity than Tap alone. The
ability of Tap to induce the specific recruitment of the pl15
protein to the MPMV CTE was also confirmed in vivo using
the yeast three-hybrid assay (18, 28) (data not shown).

Because of the observed homology of p15 to NTF2, which is
known to interact with the GDP-bound form of Ran (13, 20),
we also tested whether addition of either the GTP- or the
GDP-bound form of Ran would affect complex formation on
the CTE RNA probe. However, neither Ran-GDP nor Ran-
GTP exerted any obvious effect on the observed mobility or
efficiency of formation of the CTE-Tap-pl5 ternary complex
(data not shown).

To examine whether p15 can also enhance CTE binding by
Tap in vivo, we used the Tat-based assay for analyzing RNA-
protein interactions in the mammalian cell nucleus (Fig. 2C) to
ask whether Tap mutants that have reduced (A6) or no (A7)
ability to interact with p15 would bind the CTE as effectively as
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wild-type Tap in vivo. As shown in Fig. 5B, the A7 mutation
indeed reduced CTE binding by approximately twofold. While
modest, this effect is nevertheless comparable to the effect
exerted by the A7 mutation on the ability of Tap to support
MPMYV CTE function in vivo (Fig. 4B).

DISCUSSION

It is increasingly apparent that the vertebrate Tap protein
and its yeast ortholog Mex67p are likely to play a critical role
in mediating the nuclear export of cellular mRNAs. There is
now convincing evidence that Tap mediates the sequence-spe-
cific nuclear export of CTE-containing mRNAs (1, 3, 6, 16, 18,
19) and equally persuasive data that Mex67p is critical for
global poly(A)™ RNA export in yeast cells (20, 24, 25). The
finding that Tap, together with its cofactor p15, can at least in
part functionally substitute for Mex67p and its cofactor Mtr2p
in mediating poly(A)* RNA export in yeast cells strongly sug-
gests that Tap and Mex67p are likely to be critical participants
in an mRNA export pathway that has been conserved through
much of eukaryotic evolution (20). A more complete under-
standing of the role of these proteins in this export pathway is
therefore of obvious importance.

Previously, we had identified several functional domains in
Tap that play a role in the sequence-specific nuclear export of
MPMYV CTE-containing mRNA species, a goal that became
feasible with our finding that the quail cell line QCI-3 is nor-
mally essentially nonpermissive for MPMV CTE function but
can be rendered fully permissive by expression of human Tap
(19). In particular, these earlier experiments allowed us to
mutationally define an essential nucleocytoplasmic shuttle se-
quence located carboxy-terminal to Tap residue 540 (Fig. 6A).
This finding raised the possibility that the carboxy terminus of
Tap might serve as the binding domain for a nuclear export
factor belonging to the importin B family of nuclear transport
factors. If this were the case, then the role of Tap would simply
be to serve as an adapter molecule linking the CTE RNA to a
B-like export factor, just as HIV-1 Rev serves as an adapter
between the RRE RNA and Crm1 (10, 13, 22, 29, 30). The
observation that the essential Tap nucleocytoplasmic shuttle
domain can be, at least in part, functionally replaced by the
HIV-1 Rev NES (19) could be viewed as evidence in favor of
this hypothesis.

While our research identified the carboxy-terminal domain
of Tap as a nucleocytoplasmic shuttling domain, Katahira et al.
(20) independently showed that these same sequences could
also directly bind to the FG repeat domain of the nucleoporins
CAN/Nup214 and hCG1. One possible interpretation of the
latter result, by analogy to B-like nuclear transport factors (13),
is that Tap shuttles between the nucleus and cytoplasm due to
its ability to directly bind to components of the nuclear pore
complex. To test this hypothesis, we performed an alanine-
scanning mutagenesis of the carboxy-terminal region of human
Tap and identified mutants that were either inactive or fully
active in mediating CTE-dependent RNA export in transfected
QC1-3 cells (Fig. 1). As shown in Fig. 2A, all Tap mutants
inactive for CTE RNA export had also lost the ability to bind
to the nucleoporin CAN/Nup214, while all mutants that re-
tained activity also retained nucleoporin binding. All these Tap
mutants were stable (Fig. 2B) and remained fully able to bind
to the CTE RNA target (Fig. 2C). Yet, the mutants that had
lost the ability to bind to CAN/Nup214 also lacked the ability
to undergo nucleocytoplasmic shuttling (Fig. 3 and data not
shown). Based on these results, we therefore propose that the
RNA export activity of Tap is dependent on a functionally
autonomous carboxy-terminal nucleocytoplasmic shuttling do-
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main that is able to directly target ribonucleoprotein com-
plexes containing Tap to the nuclear pore complex (Fig. 6A). If
this Tap domain is indeed critical for Tap function, then one
would predict that it would have been conserved during evo-
lution. A comparison of the sequence of the human Tap pro-
tein with the sequence of what appears to be a partial cDNA
clone of the Drosophila melanogaster Tap protein, recently
deposited in the database (G. S. Wilkie, Drosophila melano-
gaster mRNA for tip-associated protein, EMBL accession no.
AJ251947, 1999), fully supports the functional importance of
this Tap domain. Specifically, the last ~50 residues of human
Tap are highly conserved in the Drosophila homolog while
flanking, more amino-terminal sequences are quite divergent
(Fig. 6B). Of interest, several of the residues that are con-
served from Drosophila to humans are coincident with residues
whose mutagenesis blocks both nucleoporin binding and Tap-
dependent CTE RNA export (Fig. 1 and 2).

Recently, Bear et al. (2) also reported a mutational analysis
of human Tap function. These workers identified an NLS co-
incident with the transportin-dependent NLS reported by our-
selves and others (Fig. 6) (19, 20) and also reported that the
Tap carboxy-terminal domain could target Tap to nuclear
pores and could also act as an NES in at least some experi-
mental contexts. However, these workers also reported a sec-
ond Tap NES, which they mapped to between residues 83 and
110. We were not able to observe this NES in our previously
published work (19) and again failed to detect this NES in our
present work (e.g., Fig. 3). If Tap indeed contains an NES
between residues 83 and 110, then it is unclear why the essen-
tial Tap nucleocytoplasmic shuttle domain can be functionally
replaced by the Rev NES (Fig. 4B). While it seems possible
that this Tap sequence could represent a cryptic NES whose
activity is only uncovered in certain deletion mutants of Tap,
this issue clearly needs to be more fully addressed.

As noted above, Katahira et al. (20) reported not only an
interaction between Tap and nucleoporins but also an interac-
tion with a protein termed pl5. The functional relevance of
this interaction, at least for non-sequence-specific nuclear
mRNA export, is strongly supported by the finding that p15 is
required for the ability of Tap to rescue the viability of mex67
or mex67 mtr2” yeast cells. However, the Tap domain iden-
tified by Katahira et al. (20) as the binding site for p15, which
extends approximately from residues 352 to 550 in Tap, did not
coincide with any Tap sequence shown to be required for
CTE-dependent mRNA export (Fig. 6A). Specifically, the Tap
nucleocytoplasmic shuttle domain (residues 540 to 619), the
RNA binding domain (residues 80 to 372), and the Tap NLS
(residues 61 to 102) all were found to be functional in the
absence of sequences critical for p15 binding (2, 6, 19).

To test whether p15 might nevertheless play a role in the
Tap-dependent nuclear export of CTE-containing RNAs, we
constructed two Tap mutants that were attenuated (A6) or
inactivated (A7) for p15 binding (Fig. 4A). While both pro-
teins, and particularly A7, were indeed less effective than wild-
type Tap in mediating CTE RNA export (Fig. 4B), the ob-
served inhibition was quite modest, and it is therefore apparent
that p15 is not an essential cofactor for Tap-dependent CTE
RNA export. Efforts to define the step in Tap function affected
by p15 binding suggested that p15 did not play a role in me-
diating Tap nuclear export (Fig. 3). Rather, it appeared that
pl5 instead enhanced the binding of Tap to the CTE (Fig. 5).
Specifically, recombinant p15 protein not only proved able to
supershift the CTE-Tap complex, thus indicating the in vitro
formation of a ternary complex on the CTE containing both
Tap and p15, but also significantly enhanced the amount of the
CTE probe that was bound (Fig. 5A). Therefore, it appears
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that p15 enhances the binding of Tap to the CTE either by
causing a conformational change in Tap or by directly contact-
ing the CTE RNA itself. However, we did not observe any
evidence for CTE binding by p15 in the absence of Tap (Fig.
5A).

Immediately prior to submission of this paper, Bachi et al.
(1) published a series of experiments that examined nucleo-
porin and p15 binding by Tap in vitro. Consistent with our
experimental observations and previously published results
(19, 20), they showed that the carboxy-terminal domain of Tap
directly interacts with several FG repeat nucleoporins and is
critical for MPMV CTE-dependent nuclear RNA export.
While Bachi et al. (1) also observed that p15 binding is not
critical for Tap-dependent CTE RNA export, their results dif-
fer from ours in that Bachi et al. (1) reported that the binding
of Tap to the MPMV CTE blocked the interaction with p15. In
contrast, we were able to readily detect formation of a ternary
complex containing Tap, pl5, and the MPMV CTE both in
vitro and in vivo (Fig. 5A and data not shown). Of note, Bachi
et al. (1) used a GST-pl5 fusion protein in their in vitro
binding assays rather than nonfused pl15, and it is therefore
possible that the GST moiety, which is significantly larger than
p15, might have sterically hindered the formation of a ternary
complex on the CTE. Consistent with this interpretation, we
have found that GST-p15 differs from nonfused p15 in being
unable to bind to both the CTE and Tap simultaneously in
vitro (data not shown). More importantly, however, our data
demonstrate that p15 enhances both CTE binding by Tap (Fig.
5A) and Tap-dependent CTE RNA export (Fig. 4B) and there-
fore raise the possibility that p15 may have a similar, but more
critical, role in mediating the non-sequence-specific recruit-
ment of Tap to cellular mRNAs. This hypothesis is consistent
with the finding that human Tap is unable to functionally
substitute for Mex67p in mediating mRNA export in yeast cells
unless the human p15 protein is also coexpressed (20). Clearly,
it is likely that recruitment of the Tap-pl5 complex to mRNA
is a tightly regulated process that probably also requires spe-
cific protein-protein interactions. How mRNA is specifically
targeted for nuclear export by the Tap-p15 heterodimer, while
pre-mRNAs and introns are retained in the nucleus, is a ques-
tion of considerable future interest.
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