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The Epstein-Barr virus early protein EB2 (also called BMLF1, Mta, or SM), which allows the nuclear export
of a subset of early and late viral mRNAs derived from intronless genes, is essential for the production of
infectious virions. An important feature of mRNA export factors is their capacity to shuttle continuously
between the nucleus and the cytoplasm. In a previous study, we identified a novel CRM1-independent trans-
ferable nuclear export signal (NES) at the N terminus of EB2, between amino acids 61 and 146. Here we show
that this NES contains several small arginine-rich domains that cooperate to allow efficient interaction with
TAP/NXF1. Recruitment of TAP/NXF1 correlates with this NES-mediated efficient nuclear export when it is
fused to a heterologous protein. Moreover, the NES can export mRNAs bearing MS2 RNA-binding sites from
the nucleus when tethered to the RNA via the MS2 phage coat protein RNA-binding domain.

In metazoans, nuclear export of most mRNAs generated
from intronless and intron-containing genes is mediated by
conserved proteins which coat the nascent RNA cotranscrip-
tionally to form export-competent mRNPs that are capped at
the 5� end and spliced and cleaved/polyadenylated at the 3� end
(for a review, see reference 18). Translocation of mRNPs through
the nuclear pore complex requires binding of a heterodimer
composed of TAP (also called NXF1) and p15 (also called
NXT1) (Mex67 and Mtr2, respectively, in Saccharomyces cer-
evisiae), which escorts competent mRNPs out of the nucleus
via direct interactions with nucleoporins lining the nuclear
pore. Because of its low affinity for binding of mRNAs, the
heterodimer TAP-p15 requires adaptor proteins, among which
the best characterized is REF (also called Aly) (30). It is now
clear that splicing is an important step for the recruitment of
the heterodimer TAP-p15 and for efficient mRNA nuclear
export. Two multiprotein complexes are known to be recruited
as a consequence of splicing: these are the exon junction com-
plex, which is deposited 20 to 24 nucleotides upstream of each
exon-exon junction during splicing and is associated with non-
sense-mediated mRNA decay, and the human transcription/
export complex (hTREX). hTREX contains the hTHO com-
plex (composed of hHpr1, hTho2, fSAP79, fSAP35, and
fSAP24) associated with the RNA helicase UAP56 and the
adaptor protein REF. Recent studies strongly suggest that the

cap-binding protein CBP80 and factors deposited at the first
exon-exon junction by splicing cooperate to recruit hTREX to
spliced mRNA (6). The presence of REF in this complex is
thought to stimulate the recruitment of TAP onto the mRNP
and to lead to its efficient export through the nuclear pore. For
mRNAs generated from intronless genes, two export pathways
have been described. One implies binding of SR proteins 9G8
and SRp20 to mRNAs (17). Similarly to REF, these two shut-
tling SR proteins have been found to serve as RNA-binding
adaptors for TAP (16). The other pathway implies recruitment
of REF at the 5� end of the mRNA by the cap-binding protein
CBP20 (27).

In contrast to the majority of mammalian genes, herpesvirus
early and late genes are almost all intronless. The export and
efficient expression of most of these intronless viral mRNAs
appear to be strictly dependent on a viral gene product that
shares properties with known mRNA export adaptors, for ex-
ample, the herpes simplex virus type 1 protein ICP27 (5, 20),
the cytomegalovirus (CMV) protein UL69 (22), the Kaposi’s
sarcoma-associated herpesvirus protein ORF57 (2, 23), the
herpesvirus saimiri protein ORF57 (31), and the Epstein-Barr
virus (EBV) protein EB2 (7, 29). The EB2 protein of EBV is
absolutely required for production of infectious viral particles
(9). It binds to RNA in vitro and in vivo, via an arginine-rich
region (13), and induces the cytoplasmic accumulation of most
early and late viral mRNAs (1, 9, 10), likely by interacting with
cellular adaptors of the TAP receptor pathway, such as REF
(14) and OTT1/RBM15 (14), a novel RNA-binding mRNA
export factor that binds TAP (21).

An important feature of mRNA export factors is their ca-
pacity to shuttle continuously between the nucleus and the
cytoplasm. This shuttling is mediated by specific factors inter-
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acting with peptide motifs called nuclear localization signals
(NLS) and nuclear export signals (NES). EB2 shuttles between
the nucleus and the cytoplasm (7, 29), and we previously iden-
tified two NLS and a CRM1-independent transferable NES,
located at the N terminus of EB2, between amino acids (aa) 61
and 146 (14). This NES appears to be important for the func-
tion of the protein, since its deletion drastically affects the
mRNA export function of the protein (14). In the present
study, we show that this NES contains several small domains
rich in arginine residues that participate in both interaction
with TAP and nuclear export. Moreover, we show that tether-
ing of a fusion protein consisting of the RNA-binding domain
of the MS2 phage coat protein fused to EB2’s TAP-binding
domain is sufficient to induce efficient nuclear export of
mRNAs bearing MS2 RNA-binding sites.

MATERIALS AND METHODS

Plasmids. Eukaryotic expression vectors for EB2 and the various deletion
mutants used were derived from CMV immediate-early promoter-based plasmid
pCI (Promega). Each protein was tagged at the N terminus with the Flag epitope,
and this is indicated by the letter F before the name of the protein. PCI.F.EB2
expresses the EB2 protein initiated at the BSLF2 AUG. pCI.F.EB2Nter ex-
presses the first 184 N-terminal amino acids of EB2. pCI.F.EB2.�2 and
pCI.FNLS.EB2.�B express EB2 proteins which have aa 39 to 63 and aa 61 to 140
deleted, respectively. The 50, 70, 90, 110, 130, or 184 N-terminal amino acids of
EB2 have been deleted from EB2 in pCI.F.EB2M1, pCI.F.EB2M2,
pCI.F.EB2M3, pCI.F.EB2M4, pCI.FNLS.EB2M5, and pCI.FNLS.EB2Cter, re-
spectively. The simian virus 40 (SV40) T antigen NLS was introduced between
the Flag epitope and the EB2-encoding sequence in plasmids pCI.FNLS.EB2M5,
pCI.FNLS.EB2Cter, pCI.FNLS.EB2.�B, and pCI.FNLS.EB2Nter�4. In
pCI.Myc.EB2 and pCI.Myc.EB2Nter, the Flag epitope of pCI.Flag.EB2 was re-
placed with the Myc epitope. pCMV.NLS.�gal and pCMV.NLS.B.�gal have
been described elsewhere (14). pCMV.NLS.B.�gal-�b1, -�b2, -�b3, -�b4,
-�b5, -�b6, and -�b7 were generated by site-directed mutagenesis of
pCMV.NLS.B.�gal (Stratagene QuikChange XL site-directed mutagenesis kit),
using the following double-stranded oligonucleotides: �b1, 5�-CATCCTCAGA
GGAGGAGAGCGTGGTCATAACC-3�; �b2, 5�-CCGGCCCACGCCATATT
TGTGATTCCCAGAAAG-3�; �b3, 5�-CAGCGTGGTCATAACCCAGGACA
AGACAGTCAC-3�; �b4, 5�-CGTTTGTGATTCCCAGACCCCTGTGCAGG
GAC-3�; �b5, 5�-CAGGACAAGACAGTCGAGACTGGCAACTCC-3�; �b6,
5�-CCCCTGTGCAGGGACCACAAAAGGCGACGC-3�; and �b7, 5�-GAGA
CTGGCAACTCCTGCACCGATGAAAG-3�.

pNTAP.EB2Nter expresses the EB2 N-terminal 184 aa fused at the N termi-
nus to a calmodulin-binding peptide and to a streptavidin-binding peptide
(pNTAP vector from Stratagene) (25). pGEX-EB2Nter, pGEX-A, pGEX-B,
pGEX-C, and pGEX-EB2Cter have been described previously (14, 25). pGEX-
EB2Nter-�1, -�2, -�3, -�4, and -�5 and pCI.FlagEB2Nter-�1, -�2, -�3, -�4, and
-�5 were generated by subcloning the EB2 N-terminal region, amplified by
PCR from pAAC-FlagEB2-�1, -�2, -�3, -�4, and -�5 (3), into pGEX-3X and
PCI.Flag, respectively. The �1, �2, �3, �4, and �5 mutants have aa 8 to 40, 38 to
63, 63 to 96, 95 to 131, and 148 to 184 deleted, respectively. pGEX-EB2Nter R/A
was generated by site-directed mutagenesis (Stratagene QuikChange XL site-
directed mutagenesis kit) using (successively) the following double-stranded
oligonucleotides: 5�-CGGCATCGTTTGTGATTGCCGCAGCGGCGTGGGA
CCTACAGG-3�, 5�-CACCAGAGGCCACGCAGCGGCAGCCGGAGAGGT
CCATGG-3�, 5�-CGGTCACGCTGCATGCCTCACCCCTGTGC-3�, and 5�-T
CACCCCTGTGCGCGGACGAGGACGAG-3�.

PCI.FlagEB2Nter R/A was generated by subcloning a PCR-amplified
EB2Nter R/A fragment from pGEX-EB2Nter R/A into a PCI.Flag gateway
vector, using Gateway technology (Invitrogen). pBSK-TAP was a kind gift from
E. Izaurralde. pGEX-TAP and pCI-FlagTAP were derived from pBSK-TAP.
pCIF.NLS.9G8Nter was generated by subcloning a 9G8 PCR-amplified DNA
fragment, obtained with the following oligonucleotides, into pCI-FlagNLS: 5�-G
CCCCTCTAGAATGTCGCGTTACGGGCGGTACG-3� and 5�-GCCCCTCT
AGATCAGTAACGATGACAATCATAAGC-3�.

pDM128/PL, pDM128-4xMS2, and pCMV-MS2 were a kind gift from B. R.
Cullen (32). pCMV-MS2 B has been published elsewhere (14), and pCMV-MS2
BC was generated by cloning a PCR-amplified fragment, obtained using the
following oligonucleotides, into pCMV-MS2: 5�-CGGGATCCTCTTACACCA

GAGGC-3� and 5�-CGGCTCGAGCTGCCAGGCTCCAAT-3�. All MS2 con-
structs contained the hemagglutinin (HA) epitope in fusion with MS2.

Transfections and TAP-tagging experiments. HeLa cells, HEK293 cells, and
HEK293T cells were grown at 37°C in Dulbecco’s modified Eagle’s medium
(Invitrogen) supplemented with 10% fetal calf serum. Transfections were per-
formed by the calcium phosphate precipitation method. HEK293T cells were
transfected with 1 �g of pNTAP (Stratagene) or pNTAP.EB2Nter. Cells were
harvested 48 h later, and a nuclear extract was prepared from 4 � 107 cells as
previously described (25). To purify TAP-tagged EB2Nter and associated pro-
teins, nuclear extracts were processed following the manufacturer’s instructions
(Interplay mammalian TAP system; Stratagene). Eluted proteins were analyzed
by two-dimensional gel electrophoresis with silver staining and identified by
matrix-assisted laser desorption ionization–time-of-flight mass spectrometry as
previously described (25).

In vitro GST pull-down assays. Glutathione S-transferase (GST) and GST
fusion proteins were purified from Escherichia coli BL21 Codon Plus extracts,
using glutathione-Sepharose 4B beads (Amersham Biosciences). Beads carrying
GST or GST fusion proteins were equilibrated in TNTB binding buffer (10 mM
Tris-HCl, pH 8, 250 mM NaCl, 0.1% NP-40, and 2 mg/ml bovine serum albumin)
in the presence of protease inhibitors (Complete EDTA-free cocktail; Roche
Molecular Biochemicals) and then incubated with in vitro radiolabeled proteins
as follows. [35S]methionine-labeled TAP was synthesized in vitro from plasmid
pBSK-TAP, using the TnT coupled transcription/translation system (Promega),
and incubated with TNTB-equilibrated glutathione-Sepharose 4B beads loaded
with GST or the GST fusion proteins for 4 h at 4°C. RNase treatment was
performed by adding 1 �l of RNase A (10 mg/ml) and 1 �l of RNase T1 (10
U/�l) to the incubation mixture. Beads were washed five times in TNTB buffer
without bovine serum albumin, and bound proteins were fractionated by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and revealed
by autoradiography.

Coimmunoprecipitation assays. Transfected HeLa cells were harvested from
100-mm dishes at 48 h posttransfection and lysed in 300 �l IP buffer (10 mM
Tris-HCl, pH 8, 100 mM NaCl, and 1 mM EDTA) plus protease inhibitors
(Roche Molecular Biochemicals). For immunoprecipitation of the transiently
expressed F.EB2Nter protein, cell extracts were incubated with 30 �l anti-Flag
M2 affinity gel (Sigma) for 4 h at 4°C, and immunopurified proteins were
analyzed by Western blotting, using either a rabbit polyclonal antibody generated
against the GST-TAP protein produced in bacteria or an anti-Flag rabbit poly-
clonal antibody (Sigma). For immunoprecipitation of the endogenous TAP pro-
tein, cell extracts were incubated with the anti-TAP rabbit polyclonal antibody
and the protein-antibody complexes were purified using 30 �l protein A-Sepha-
rose beads (Amersham Biosciences). RNase treatment was performed by adding
1 �l of RNase A (10 mg/ml) and 1 �l of RNase T1 (10 U/�l) to the incubation
mixture. Immunopurified proteins were analyzed by Western blotting, using
either the anti-TAP rabbit polyclonal antibody or the M2 anti-Flag monoclonal
antibody (MAb; Sigma). Western blots were revealed by enhanced chemilumi-
nescence (Pierce).

Heterokaryon assay. Twenty-four hours after transfection, 3.5 � 105 HeLa
cells were seeded onto glass coverslips with an equal number of NIH 3T3 cells in
six-well plates. The cells were allowed to grow overnight and then were treated
for 2 h with 200 �g/ml of cycloheximide to inhibit de novo protein synthesis. The
cells were then washed with phosphate-buffered saline (PBS), and heterokaryon
formation was performed by incubating cells for 2 min in 50% polyethylene
glycol 3000 to 3700 (Sigma) in PBS. Following polyethylene glycol-induced fu-
sion, cells were washed extensively with PBS and returned to fresh medium
containing 200 �g/ml of cycloheximide. After 2 h at 37°C, cells were fixed with
4% paraformaldehyde. For indirect immunofluorescence experiments, the M2
anti-Flag MAb (Sigma), the 9E10 anti-Myc MAb, an anti-hnRNP C MAb (kindly
provided by G. Dreyfuss) (26), and an anti-Flag polyclonal antibody were used as
primary antibodies. Alexa Fluor 488-conjugated goat anti-mouse immunoglob-
ulin G (IgG) (heavy plus light chains [H�L]) or anti-rabbit antibody (Invitrogen)
or a Fluorolink Cy3-labeled goat anti-rabbit or anti-mouse IgG (H�L) antibody
(Amersham) was used as secondary antibody. Cell nuclei were stained by incu-
bation with 5 �g/ml Hoescht 33258 (Sigma). The percentage of heterokaryons in
which the proteins were found in both the HeLa and NIH 3T3 nuclei among the
heterokaryons expressing the proteins were evaluated by counting the hetero-
karyons via conventional microscopy (Axioplan 2; Zeiss). The percentage was
obtained by counting 20 to 60 heterokaryons in several independent experiments.
The endogenous nonshuttling protein hnRNP C was used as a control and, as
expected, was not transported from human to mouse nuclei (data not shown).

Quantification of CAT protein. In order to evaluate chloramphenicol acetyl-
transferase (CAT) protein expression, we used a CAT enzyme-linked immu-
nosorbent assay (ELISA) (Roche). After transfection, cells were collected in
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PBS. Half of the cells were use for CAT assays according to the manufacturer’s
instructions. The other half of the cells were used to monitor protein expression
by Western blotting, using either the anti-Flag M2 MAb (Sigma), an anti-HA
MAb (Boehringer), or an anti-TAP rabbit polyclonal antibody. Horseradish
peroxidase-conjugated goat anti-mouse IgG (Amersham) or goat anti-rabbit IgG
(Amersham) was used as the secondary antibody. For immunoblot detection, an
ECL system (Amersham) was used.

Statistics. Analyses were done by either Student’s t test (for Fig. 8) or the
Wilcoxon test (for Fig. 6) at the www.u707.jussieu.fr website.

RESULTS

Several regions in the N terminus of EB2 participate in the
nuclear-cytoplasmic shuttling of the protein. In a previous
study, we identified the presence of a CRM1-independent
transferable NES in the N terminus of EB2 (14) (NES B; aa 61
to 140) (Fig. 1A). This NES was characterized for its capacity
to confer a shuttling property to a heterologous protein, such
as �-galactosidase when fused to its N terminus. In an effort to
characterize further the limits of this NES in the context of the
EB2 protein, we generated a series of deletion mutants (Fig.
1B). We added the SV40 NLS sequence to the N termini of
the EB2Cter, EB2.�B, and EB2.M5 proteins, since deletions
removed one or two of the previously mapped NLS motifs
(positions 126 to 130 and 143 to 145) (14) (Fig. 1B, mutants
NLS.EB2Cter, NLS.EB2.�B, and NLS.EB2.M5). We then
tested the capacity of these mutants to shuttle between the
nucleus and the cytoplasm. For this purpose, EB2 and the
various mutant proteins were expressed in HeLa cells, and
their capacity to shuttle between the nucleus and the cytoplasm

was evaluated in a human-mouse heterokaryon assay. Indirect
immunofluorescence was used to visualize the proteins, and
the number of heterokaryons in which the proteins shuttled
was counted. The percentage calculated for each protein is
indicated in Fig. 1B. As previously published, we found that
wild-type EB2 shuttled in all of the heterokaryons observed,
whereas NLS.EB2Cter remained strictly restricted to HeLa
cell nuclei (14). Similar to EB2, EB2Nter also shuttled in all of
the heterokaryons observed, which confirmed the presence of
an NES in the N-terminal half of the protein. However, when
we deleted NES B (aa 61 to 140), the resulting protein, NLS.
EB2.�B, still shuttled in 100% of the heterokaryons observed,
suggesting the presence of a second NES (NES A) outside the
region of aa 61 to 140. We then tested a series of N-terminal
deletion mutants. The first observation was that the shuttling
ability of the protein was completely abolished after deletion of
the first 130 N-terminal amino acids (mutant NLS.EB2.M5),
which indicated that the second NES was located in the first 60
N-terminal amino acids of EB2. However, deletion of the first
50 N-terminal amino acids (mutant EB2.M1) had no effect on
the shuttling of the protein, and deletion of the first 70 N-
terminal amino acids (mutant EB2.M2) had only a limited
effect. This suggests that the N terminus of the EB2 protein
carries two independent NES, whose functions can comple-
ment each other for the shuttling of the protein. Further anal-
ysis of the shuttling efficiencies of the remaining deletion mu-
tants (EB2.M3 and EB2.M4) revealed that several sequences
within NES B cooperate for its full activity. Taken together,
these results suggest that two independent NES contribute to
EB2’s capacity to shuttle and that several sequences within
NES B cooperate for its full activity.

The N terminus of EB2 interacts directly with TAP. None of
the regions identified in the N terminus of EB2 that participate
in the nuclear export of the protein have homologies to pre-
viously known export sequences. In order to identify cellular
factors that bind to the N-terminal region of EB2 (aa 1 to 184),
we used a tandem affinity purification approach. HEK293T
cells were transfected with pNTAP.EB2Nter, and the tagged
EB2Nter protein was isolated from the cell lysate. EB2Nter-
copurifying proteins were identified by matrix-assisted laser
desorption ionization–time-of-flight mass spectrometry. Among
the proteins we identified was the TAP nuclear export factor.
To determine whether TAP binds directly to EB2Nter, we
performed in vitro binding assays using the GST-EB2Nter fu-
sion protein and [35S]methionine-labeled TAP, produced by
coupled transcription-translation in vitro. As shown in Fig. 2A,
TAP specifically bound to GST-EB2Nter (lane 3) but not to
GST alone (lane 2), and this interaction was resistant to RNase
treatment (lane 4), suggesting that TAP directly interacts with
EB2Nter. The interaction between TAP and EB2Nter was
then examined further in a coimmunoprecipitation assay. The
EB2Nter protein, tagged at its N terminus with the Flag epitope
(F.EB2Nter), was expressed in HeLa cells, and then immuno-
precipitation was performed using anti-Flag MAb M2 affinity
gel (Fig. 2B). As shown in Fig. 2B, immunoprecipitation of
F.EB2Nter led to coimmunoprecipitation of significant amounts
of endogenous TAP protein (lane 5). However, RNase treat-
ment appeared to abolish the interaction (Fig. 2B, lane 6).
Since F.EB2Nter does not contain the RNA-binding domain of
the protein (13), it is unlikely that the interaction observed in

FIG. 1. Localization of critical domains of EB2 involved in nucleo-
cytoplasmic shuttling of the protein. (A) Schematic representation of
EB2 protein. The light gray box represents the NES domain previously
identified in the protein (NES B), the dark gray box represents the
RNA-binding domain (RBD), the white box represents the REF in-
teracting domain, and the two vertical bars represent the NLS.
(B) Heterokaryon assay. EB2 and the various deletion mutants repre-
sented in the figure were expressed in HeLa cells from pCI-Flag
expression vectors, and a heterokaryon assay was performed. Proteins
were then visualized by indirect immunofluorescence, using the anti-
Flag M2 MAb (for EB2 and its derivatives). An Alexa Fluor 488-
conjugated goat anti-mouse IgG (H�L) antibody was used as the
secondary antibody. Cell nuclei were stained with Hoescht 33258. The
percentage of heterokaryons in which the proteins were found in both
the HeLa and NIH 3T3 cell nuclei was evaluated by counting hetero-
karyons via conventional microscopy. The percentages are indicated in
the right column. External boundaries of deletions are indicated in
italics. The black dots at the N termini of mutants NLS.Cter, NLS.�B,
and NLS.M5 indicate that the SV40 NLS was fused to the N terminus.
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our coimmunoprecipitation assays was mediated by RNA.
However, interaction of TAP with RNA might be important to
stabilize the interaction with EB2Nter in vivo.

In order to localize more precisely the TAP interaction do-
main within EB2Nter, we performed in vitro binding assays
using a battery of GST-EB2Nter mutant proteins (Fig. 3A) and
[35S]methionine-labeled TAP, produced in vitro by coupled
transcription-translation. In the first series of experiments, we
used three overlapping peptides from the EB2Nter region
(peptides A, B, and C) fused to GST. As shown in Fig. 3B, only
GST-B (lane 6) bound TAP efficiently, whereas GST-A or
GST-C did not (lanes 3 and 9). In a second series of experi-
ments, we used GST-EB2Nter proteins in which overlapping
deletions were introduced. As shown in Fig. 3C, GST-EB2Nter-
�1, -�2, and -�5 bound TAP as efficiently as GST-EB2Nter
(compare lanes 4, 5, and 8 to lane 3), whereas GST-EB2Nter-�3
and GST-EB2Nter-�4 did not (lanes 6 and 7). These results
confirm the localization of the TAP interaction domain within
peptide B. Taken together, these data indicate that one or
several TAP interaction domains are localized between aa 61
and 140 of EB2.

Several arginine residues within peptide B are important
both for TAP binding and for EB2 shuttling. Peptide B alone

acts as an NES when fused to �-galactosidase, a heterologous
nonshuttling protein whose size is incompatible with passive
diffusion between the nucleus and the cytoplasm (NLS.B.�gal)
(14). Peptide B also binds TAP. It was therefore important to
know if TAP binding was required for the NES function of
peptide B. We thus used the NLS.B.�gal fusion protein to map
more precisely the domain(s) necessary for nuclear export
within peptide B. The NLS.B.�gal protein used in the study is
depicted in Fig. 4A. The SV40 NLS was added at the N ter-
minus to ensure efficient nuclear import of the fusion protein,
since only one of the two EB2 NLS is present in peptide B. We
first generated a series of 15-aa deletion mutants in peptide B
(Fig. 4A). These deletion mutants were expressed in HeLa
cells, and their ability to shuttle was evaluated by a hetero-
karyon assay and compared to that of NLS.B.�gal (Fig. 4B).
None of the NLS.B.�gal single-deletion mutants was drasti-
cally affected in its capacity to shuttle (data not shown) com-

FIG. 2. The N terminus of EB2 interacts directly with the cellular
protein TAP. (A) 35S-labeled TAP was incubated with purified GST or
GST-EB2Nter bound to glutathione-Sepharose beads. The bound pro-
teins were analyzed by SDS-PAGE and visualized by autoradiography.
RNase treatment was performed where indicated. In lane 1, the equiv-
alent of one-fifth of the TAP-expressing rabbit reticulocyte lysate used
in each assay was loaded in the gel (input 1/5). (B) F.EB2Nter was
expressed in HeLa cells as indicated. Cell lysates of either mock-
transfected cells (lanes 1 to 3) or cells expressing F.EB2Nter (lanes 4
to 6) were immunoprecipitated with M2 anti-Flag MAb resin. The
immunoprecipitates were immunoblotted with an anti-TAP rabbit
polyclonal antibody (top) or with an anti-Flag polyclonal rabbit anti-
body (bottom). In lanes 1 and 4, the equivalent of 1/10 of the cell lysate
used in each assay was loaded in the gel as an input control.

FIG. 3. TAP interacts with a region of EB2 between aa 61 and 140.
(A) Schematic representation of EB2Nter and the various peptides
and deletion mutants used as GST fusion proteins. External bound-
aries of deletions are indicated in italics. (B) 35S-labeled TAP was
incubated with purified GST or GST fused with the overlapping pep-
tide A, B, or C, depicted in panel A, bound to glutathione-Sepharose
beads. The bound proteins were analyzed by SDS-PAGE and visual-
ized by autoradiography. The equivalent of one-fifth of the TAP-
expressing rabbit reticulocyte lysate used in each assay was loaded in
the gel as an indication of the input (lanes 1, 4, and 7). (C) 35S-labeled
TAP was incubated with purified GST, GST-EB2Nter, or the GST-
EB2Nter deletion mutants depicted in panel A, bound to glutathione-
Sepharose beads. The bound proteins were analyzed by SDS-PAGE
and visualized by autoradiography. The equivalent of 1/15 of the TAP-
expressing rabbit reticulocyte lysate used in each assay was loaded in
the gel as an indication of the input (lane 1).
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pared to NLS.B.�gal, which suggested that several regions
within peptide B cooperate to confer nucleocytoplasmic shut-
tling properties to the fusion protein. We then generated mu-
tants with various combinations of deletions made in the N-
terminal half of peptide B (�b1, �b2, and �b3) and in its
C-terminal half (�b4, �b5, �b6, and �b7) and again tested
their ability to shuttle in the heterokaryon assay. As shown in
Fig. 4B, we observed a decrease of one-third to one-half of the
shuttling activity compared to that of NLS.B.�gal with most of
the double mutants (except for mutant NLS.B.�gal �b1/b5,
which shuttled more efficiently). However, it was only with a
triple deletion mutant (NLS.B.�gal �b3/b5/b7) that we ob-
served a more drastic decrease in shuttling activity.

Interestingly, regions b3, b5, and b7 contained all of the
arginine residues found in peptide B (Fig. 4C), and TAP has
been reported to bind arginine-rich motifs in both 9G8 and
SRp20 SR proteins (11) as well as in REF (8), which suggests
that these arginine residues might cooperate in the nuclear
export of EB2 by recruiting the TAP protein. We then decided
to introduce specific mutations (Fig. 4C; amino acids in bold
were changed to alanines), including all of the arginines be-
tween aa 81 and 135, in the context of EB2Nter fused to GST
(GST-EB2Nter R/A), and then we performed GST pull-down
assays. EB2Nter R/A bound TAP with a much lower affinity
than did EB2Nter (Fig. 4D). We also introduced the same
mutations in the context of the NLS.B.�gal protein and per-
formed a heterokaryon assay. The mutated protein shuttled in
only 13% of the heterokaryons. Taken together, these results
indicate that TAP interacts within a region of EB2 comprised
of aa 81 to 135 and that the arginine residues present in this
region are likely to be essential to the interaction. Further-
more, their mutation correlates with a strong decrease in the
efficiency of NLS.B.�gal nucleocytoplasmic shuttling.

Overexpression of EB2Nter inhibits TAP-dependent export
of unspliced pDM128/PL mRNA by EB2. EB2 has previously
been found to mediate export of unspliced mRNA generated
from a pDM128/PL reporter plasmid (14). In the absence of
EB2, the RNA transcript encoded by pDM128/PL is normally
unable to exit the nucleus without being spliced, a process that
deletes the cat open reading frame (15). The effect of EB2 on
pDM128/PL unspliced mRNA has been linked to the recruit-
ment of REF/TAP protein complexes via the C-terminal do-
main of EB2 (Fig. 5A) (14). Since EB2Nter lacks the RNA-
binding domain and appeared to directly bind TAP, we
hypothesized that EB2Nter could act as a dominant-negative
mutant of EB2. We thus overexpressed increasing amounts of
F.EB2Nter in HeLa cells and tested the effect on pDM128/PL
unspliced mRNA export by F.EB2 (Fig. 5B). As shown previ-
ously, very little CAT protein was expressed when theFIG. 4. Several domains of peptide B cooperate for nuclear export.

(A) Schematic representation of NLS.B.�gal fusion protein and the
various deletion mutants derived from it. The light gray box represent
the �-galactosidase open reading frame, the dark gray box represents
the SV40 NLS, and the white box represents EB2 aa 61 to 140. The
vertical black bar represent NLS1 of EB2. (B) Expression plasmids for
the different fusion proteins listed in panel B (left column) were trans-
fected into HeLa cells, and a heterokaryon assay was performed. The
percentage of heterokaryons in which the transiently expressed pro-
teins were found in both the HeLa and NIH 3T3 cell nuclei was
evaluated by counting the heterokaryons via conventional microscopy.
The percentages are indicated in the right column. (C) Amino acid
sequence of EB2 peptide B (EBV strain Raji). Amino acids deleted
from mutants NLS.B.�gal-�b3, -�b5, and -�b7 are underlined in gray.

The locations of the �3 and �4 deletions are indicated by brackets.
Amino acids changed to alanines in the EB2Nter R/A mutant (see
panel D) are indicated in bold. (D) 35S-labeled TAP was incubated
with purified GST, GST-EB2Nter, or GST-EB2Nter R/A (in which the
amino acids indicated in bold in panel C have been mutated to ala-
nines) bound to glutathione-Sepharose beads. The bound proteins
were analyzed by SDS-PAGE and visualized by autoradiography. In
lane 1, the equivalent of 1/15 of the TAP-expressing rabbit reticulocyte
lysate used in each assay was loaded in the gel (input 1/15).
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pDM128/PL reporter plasmid was transfected into HeLa cells
alone because of very poor export of unspliced mRNA gener-
ated from pDM128/PL (Fig. 5B, lane 1). However, as expected,
we observed a strong increase in CAT expression in the pres-
ence of F.EB2 (Fig. 5B, lane 2), whereas F.EB2Nter, which
does not bind RNA, had no stimulating effect (Fig. 5B, lane 3).
But when we coexpressed increasing amounts of F.EB2Nter
together with F.EB2, we observed a dose-dependent decrease
in CAT expression (Fig. 5B, lanes 4 to 8). This decrease was

not due to a decrease in EB2’s expression levels (Fig. 5B,
bottom panel).

In order to confirm that the competition effect observed
above correlated with the presence of the TAP interaction
domain within EB2Nter, we tested the effects of overexpres-
sion of deletion mutants F.EB2Nter-�1, -�2, -�3, -�4, -�5, and
-�B, depicted in Fig. 1A and 3A. As shown in Fig. 5C, mutants
F.EB2Nter-�1, -�2, and -�5, which were found to interact with
TAP in vitro, were as efficient as F.EB2Nter at repressing the

FIG. 5. EB2Nter behaves like a dominant-negative mutant of EB2. (A) Schematic representation of pDM128/PL reporter plasmid. The CAT
coding sequence is inserted into intronic sequences. The positions of the 5� and 3� splice sites (SS) are indicated. In the absence of EB2, only the
spliced mRNA generated from pDM128/PL is exported efficiently to the cytoplasm (no CAT expression). The presence of EB2 allows export of
the unspliced mRNA (and consequently CAT expression) by a mechanism which involves binding of EB2 to the RNA and recruitment of the
TAP-p15 complex via REF. Both the RNA-binding domain (indicated by the small black area) and the REF interaction domain have been
localized to the C-terminal half of EB2. A direct interaction between EB2Nter and the TAP-p15 complex is also indicated. (B) Dose-dependent
inhibition of EB2-mediated mRNA export by EB2Nter. pDM128/PL was transfected into HeLa cells either alone or together with 0.5 �g of
expression plasmid for F.EB2 and increasing amounts (0.01 to 0.5 �g) of expression plasmid for F.EB2Nter, as indicated in the figure. The
efficiency of unspliced mRNA export was evaluated by quantification of CAT expression by CAT ELISA (top), and the amounts of F.EB2 and
F.EB2Nter proteins expressed in each assay were visualized by Western blotting using the M2 anti-Flag MAb (bottom). The data shown are derived
from a single experiment but are representative of four experiments. (C) Relative activities of EB2Nter deletion mutants in EB2-mediated mRNA
export inhibition assay. pDM128/PL was transfected into HeLa cells either alone or with expression plasmids for F.EB2 (0.5 �g), F.EB2Nter (0.5
�g), and F.EB2Nter internal deletion mutants (up to 3 �g), as indicated. The F.EB2Nter-�4 and -�B mutants are both tagged with the SV40 NLS.
The efficiency of unspliced mRNA export was evaluated by quantification of CAT expression by CAT ELISA (top). The levels of expression of
F.EB2, F.EB2Nter, and F.EB2Nter mutants were evaluated by Western blotting using the M2 anti-Flag MAb (bottom). The data shown are derived
from a single experiment but are representative of four independent experiments. (D) Relative activities of EB2Nter and the EB2Nter R/A mutant
in EB2-mediated mRNA export inhibition assay. pDM128/PL was transfected into HeLa cells either alone (lane 1) or with expression plasmids
for F.EB2 (0.5 �g) (lanes 1 to 3), F.EB2Nter (0.5 �g) (lane 3), and F.EB2Nter R/A (2 �g) (lane 4). The efficiency of unspliced mRNA export was
evaluated by quantification of CAT expression, using CAT ELISA (left). The levels of expression of F.EB2, F.EB2Nter, and F.EB2Nter R/A were
evaluated by Western blotting using the M2 anti-Flag MAb (right).
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F.EB2-mediated mRNA export, whereas F.NLS.EB2Nter�4
and F.NLS.EB2Nter�B, which did not interact with TAP in
vitro, had no repressing effect. Surprisingly, however, F.EB2Nter�3
did not bind TAP in vitro but still had a repressing effect, which
suggested that the main EB2 interaction region with TAP in
vivo is comprised between aa 95 and 131. Again, EB2’s expres-
sion level remained constant in all assays (Fig. 5C, bottom
panel). Furthermore, the EB2Nter R/A mutant, in which ar-
ginines of domain B were mutated and whose interaction with
TAP was found to be strongly impaired (Fig. 4D), was accord-
ingly much less efficient than EB2Nter in repressing F.EB2-
mediated export (Fig. 5D). Lastly, we found that we could
rescue EB2-induced pDML128/PL CAT expression by overex-
pressing TAP in our competition assays (Fig. 6), demonstrating
that TAP is indeed the limiting factor.

Taken together, these results suggest that overexpressed
F.EB2Nter sequesters a cellular factor, most likely TAP, which
is necessary for EB2-dependent mRNA export of unspliced
pDM128/PL mRNA.

Titration of TAP by 9G8 inhibits EB2Nter’s shuttling.
EB2Nter appears to interact with TAP via a region whose
deletion is detrimental to its efficient export from the nucleus
to the cytoplasm. To demonstrate a direct role for TAP in
EB2Nter’s shuttling, we titrated TAP. For this purpose, we
used a mutant of the 9G8 SR protein which had its RS domain
deleted but still interacted with TAP (11). This was tagged with
the Flag epitope (F.9G8Nter) (Fig. 7A). We first tested
whether F.9G8Nter could compete for EB2-mediated export
of unspliced mRNA generated from pDM128/PL (Fig. 5A).
Figure 7B shows that, as expected, and similar to the case for
EB2Nter, as shown above, F.9G8Nter was very efficient in

FIG. 7. Competition for TAP’s interaction with EB2Nter by 9G8 alters
EB2’s shuttling efficiency. (A) Schematic representation of the 9G8 SR pro-
tein and the C-terminal deletion mutant 9G8Nter. 9G8Nter retained both the
TAP interaction domain and sequences necessary for 9G8 shuttling.
(B) 9G8Nter inhibits EB2-dependent export of the unspliced mRNA gener-
ated from pDM128/PL (Fig. 6A). HeLa cells were transfected with
pDM128/PL either alone or together with expression plasmids for F.EB2 (0.5
�g) and F.9G8Nter (0.5 �g), as indicated. The efficiency of unspliced mRNA
export was evaluated by quantification of CAT expression by CAT ELISA
(top). The levels of expression of F.EB2 and F.9G8Nter mutants were visu-
alized by Western blotting using the M2 anti-Flag MAb (bottom). Data from
a representative experiment out of four independent experiments are pre-
sented in the figure. (C) 9G8Nter competition for TAP binding interferes
with EB2Nter nuclear export. HeLa cells were cotransfected with
pCI.Myc.EB2Nter (0.5 �g) and pCI.F.9G8Nter (0.5 �g) expression plasmids,
and a heterokaryon assay was performed. Proteins were visualized by indirect
immunofluorescence, using the 9E10 anti-Myc antibody (for detection of
Myc.EB2Nter) (a and d) and an anti-Flag polyclonal antibody (Sigma) (for
detection of F.9G8Nter) (b and e). An Alexa Fluor 488-conjugated goat
anti-mouse IgG (H�L) antibody (Invitrogen) (a and d) and a Fluorolink
Cy3-labeled goat anti-rabbit antibody (Amersham) (b and e) were used as
secondary antibodies. Cell nuclei were stained with Hoescht 33258 (Sigma) (c
and f). NIH 3T3 cell nuclei are indicated by white arrows. A minimum of 20
heterokaryons of each sort (either expressing F.9G8Nter or not) were ob-
served: only one example of each is presented in the figure. The phenotype
presented in panel d was found in 75% of heterokaryons expressing 9G8Nter
but in only 10 to 15% of heterokaryons that did not express 9G8Nter.

FIG. 6. Overexpression of TAP rescues EB2-mediated export.
pDM128/PL was transfected into HeLa cells either alone or together
with expression plasmids for F.EB2 (0.5 �g), F.EB2Nter (0.1 and 1
�g), and F.TAP (1.5 �g), as indicated. The efficiency of unspliced
mRNA export was evaluated by quantification of CAT expression by
CAT ELISA (top), and the levels of expression of F.EB2, F.EB2Nter,
and F.TAP proteins were visualized by Western blotting using the M2
anti-Flag MAb (bottom). The data shown are derived from a single
experiment but are representative of four experiments. Statistical tests
were performed using data collected from these four experiments.
CAT expression was significantly increased when F.TAP was overex-
pressed at both EB2Nter concentrations used (P � 0.05). *, unspecific
band.
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repressing unspliced pDM128/PL mRNA export by F.EB2
(compare lane 4 to lane 2). We then asked whether competi-
tion by F.9G8Nter for TAP binding would also directly affect
EB2Nter’s shuttling. To answer this question, we transfected
HeLa cells with expression plasmids for Myc.EB2Nter and
F.9G8Nter and tested for the ability of Myc.EB2Nter to shuttle
in the interspecies heterokaryon assay. We compared the effi-
ciencies of Myc.EB2Nter shuttling between heterokaryons which
did not express detectable amounts of F.9G8Nter (Fig. 7C,
panel b) and heterokaryons expressing significant amounts of
F.9G8Nter (Fig. 7C, panel e). It is evident that when it is
expressed, F.9G8Nter is found in both HeLa and NIH 3T3 cell
nuclei, but this was expected, since 9G8 is known as a shuttling
SR protein. As can be seen in Fig. 7C (panel a), equivalent
amounts of Myc.EB2Nter were visualized in both HeLa and
NIH 3T3 cell nuclei of the heterokaryon in the absence of
F.9G8Nter. In contrast, the amount of Myc.EB2Nter detected
in the NIH 3T3 cell nucleus was much lower than the amount
detected in the HeLa cell nucleus when F.9G8Nter was ex-
pressed (Fig. 7C, panel d). These results strongly suggest that
by interacting with EB2, TAP is indeed responsible for the
nuclear export of the protein.

The domain comprising aa 61 to 140 of EB2 is sufficient to
stimulate mRNA export when tethered to RNA by a heterolo-
gous RNA-binding domain. We have shown above that
EB2Nter interacts with TAP via several regions located be-
tween aa 61 and 140 and that this interaction appears to be at
least partly responsible for mediating the export of EB2Nter
from the nucleus to the cytoplasm. We next asked whether this
TAP interaction domain was able to mediate mRNA nuclear
export when tethered to RNA via a heterologous RNA-bind-
ing domain. For this experiment, we fused aa 61 to 140 and 61
to 200 to the MS2 phage coat protein RNA-binding domain
(proteins MS2-B and MS2-BC, respectively) and used the
pDM128/4xMS2 reporter construct, which contains the cat in-
dicator gene and four copies of the MS2 operator RNA target,
flanked by 5� and 3� splice sites, as indicated in Fig. 8A (24). As
shown in Fig. 8B, the pDM128/4xMS2 indicator plasmid gave
rise to very little CAT expression in transfected HeLa cells
(Fig. 8B, lane 1) in the presence of MS2. However, expression
of the MS2-B or MS2-BC fusion protein induced readily de-
tectable expression of CAT from the pDM128/4xMS2 con-
struct (Fig. 8B, lanes 3 and 4). These results suggest that
tethering of the B domain of EB2 to the RNA is sufficient to
stimulate nuclear export of the targeted mRNA.

DISCUSSION

Nuclear export of proteins from the nucleus to the cytoplasm
is usually mediated by specific receptors, called � karyopherins,
that belong to a large family of proteins conserved throughout
evolution (28). Here we find that nuclear export of the viral
EB2 protein is mediated by two contiguous but independent
N-terminal NES, one of which (NES B) promotes export of a
heterologous protein via a direct interaction with the mRNA
export receptor TAP. Furthermore, we found that tethering of
this TAP interaction domain to RNA by a heterologous RNA-
binding domain is sufficient to stimulate translocation of an
unspliced mRNA from the nucleus to the cytoplasm, whereas
this mRNA would normally be exported very inefficiently.

The interaction between EB2Nter and TAP was first re-
vealed by a tandem affinity purification assay and then con-
firmed by GST pull-down experiments. In GST pull-down ex-
periments, the interaction between the two proteins was
resistant to RNase treatment, indicating that RNA was not
making the link between the two proteins. Furthermore,

FIG. 8. Stimulation of pDM128 unspliced mRNA export by MS2-B
and MS2-BC fusion proteins. (A) Schematic representation of
pDM128-4xMS2 reporter plasmid. pDM128-4xMS2 is a modified ver-
sion of pDM128/PL, depicted in Fig. 5, in which four RNA-binding
sites for the MS2 coat protein have been introduced within the intron,
immediately downstream of the CAT open reading frame. MS2 fusion
proteins can thus be tethered to RNA via the MS2 binding sites,
allowing the mRNA export properties of the MS2 fusions to be tested.
(B) pDM128-4xMS2 was transfected into HeLa cells either alone or
together with an expression plasmid for HA.MS2, HA.MS2-B (peptide
B; aa 61 to 140), HA.MS2-BC (peptide BC; aa 61 to 200), or
F.EB2Nter. The efficiency of unspliced mRNA export was evaluated
by quantification of CAT expression by CAT ELISA (top), and the
amounts of MS2 fusion proteins and F.EB2Nter expressed in each
assay were evaluated by Western blotting (bottom) using either an
anti-HA MAb (for the MS2 fusions) or the anti-Flag MAb M2. The
data shown are derived from a single experiment but are representa-
tive of five experiments. Statistical tests were performed using data
collected from these five experiments. Both HA.MS2-B and
HA.MS2-BC were significantly different from the HA.MS2 control
(P � 0.05), whereas F.EB2Nter was not (P � 0.1).
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EB2Nter lacks the EB2 RNA-binding domain (13), which also
argues for a direct interaction between the two proteins. How-
ever, surprisingly, in vivo RNase treatment was highly detri-
mental to the interaction. This could be explained by a change
in the conformation of TAP in association with RNA, increas-
ing its affinity for EB2. Alternatively, in vivo, other cellular
factors associated with TAP in an RNA-dependent manner
could be important for TAP’s association with EB2. Interest-
ingly, we previously found that EB2 recruited TAP via REF
through a C-terminal domain located between aa 213 and 236,
adjacent to its RNA-binding domain. It is tempting to imagine
a model in which TAP would first be recruited onto EB2’s
associated mRNPs by REF and then transferred to the RNA,
as described by Hautbergue et al. (12), which would then
stimulate a secondary interaction with the N-terminal domain
of EB2 (Fig. 9). This model is supported by the fact that
coimmunoprecipitation of TAP with full-length EB2 is more
efficient than its coimmunoprecipitation with either EB2Nter
or EB2Cter (aa 185 to 479) (data not shown) (14).

We further dissected the N terminus of EB2 in order to
precisely map the interaction domain with TAP. From our
results, it appears that three small regions between aa 81 and
135 cooperate for optimum binding to TAP. A characteristic of
these three regions is the presence of several arginine residues
reminiscent of other TAP interaction domains characterized in
the SR proteins 9G8 and SRp20 and in REF. TAP’s bind-
ing motifs in 9G8 (LSTGMPRRSRFDRPPARR) and SRp20
(EKRSRNR) have little in common except for the presence of
several arginine residues shown to be important for the inter-
action (11). Interaction with REF also involved a region rich in
arginines (NRNQRRVNRGGGPRRNRPAIA) (12). By mu-
tating most of the arginine residues present between aa 81 and
135, we significantly decreased the affinity of EB2Nter for
TAP, which confirms an important role of arginine residues in
the interaction between EB2Nter and TAP. The N terminus of
EB2 is not predicted to be a very structured domain, and the
various arginine residues, although distanced from each other
in the primary structure, could participate in binding TAP.

It is noteworthy that the arginine cluster (KRRR) located at
aa 128 to 130 was previously identified as a nuclear import
signal for EB2 (NLS 1) (14). Interaction of TAP with this
domain suggests that there could be competition between the
import factor’s binding to its NLS and to TAP. Interestingly, a
second NLS (NLS 2), whose sequence (KRR) also contains

arginines, has been localized at aa 143 to 144. This motif was
not included in the region that we initially characterized as a
nuclear export domain. However, in our experiments, we re-
peatedly observed that TAP interacted more efficiently with
GST-EB2Nter than with GST-B (data not shown). Further-
more, the fusion protein MS2-BC, tethered to the RNA via
MS2 binding sites, exported unspliced pDM128 mRNAs more
efficiently than did MS2-B (Fig. 8). Taken together, these re-
sults suggest that a sequence outside peptide B, possibly the
KRR motif of NLS 2, might also contribute to TAP’s binding.
Further study will be necessary to clarify this point, and in
particular, it will be interesting to identify the importin(s) in-
volved and to ask whether there is indeed competition with
TAP for binding to EB2’s N-terminal domain. This could be an
efficient way to liberate TAP from EB2 in the cytoplasm.

The localization of TAP’s interaction domain determined in
vitro correlates well with the results obtained in our competi-
tion assays of TAP’s interaction in vivo (Fig. 5). In effect,
among the various internal deletion mutants tested (EB2Nter-
�1, -�2, -�3, -�4, and -�5), only EB2Nter-�4, which has aa 85
to 131 deleted, did not compete for TAP interaction. There
was, however, a discrepancy between the in vivo and in vitro
results obtained with EB2Nter-�3, which competed for TAP’s
interaction in vivo as efficiently as EB2Nter but did not interact
with TAP in vitro (GST pull-down assay). This lack of inter-
action in vitro could be explained by a problem of misconfor-
mation of GST-EB2Nter-�3 or a lack of accessibility of the
TAP interaction domain because of the proximity of the GST
domain induced by the deletion in the �3 mutant. Thus, the
most critical region for interaction with TAP in EB2Nter is
likely to be comprised between aa 94 to 132.

Following the demonstration of a direct interaction of TAP
with an N-terminal domain of EB2, we found that tethering of
this domain to pDM1284xMS2 unspliced mRNAs, via the MS2
phage coat RNA-binding protein, stimulated their nuclear ex-
port. Interestingly, we had previously shown that TAP also
interacted with the C-terminal domain of EB2 (EB2Cter; aa
185 to 479), although indirectly, via REF (14). However, sur-
prisingly, NLS.EB2Cter (or even a longer C-terminal con-
struct, such as EB2.NLS.M5) did not exit the nucleus (Fig. 1),
suggesting that this indirect recruitment of TAP by EB2 via
REF might be only transitory and thus not sufficient to allow
nuclear export of EB2Cter. This observation is again in favor
of the model described above, in which TAP could be recruited
primarily by EB2 via REF and then transferred to the RNA,
and a direct interaction with EB2’s N-terminal domain (aa 94
to 132) would then stabilize the complex.

EB2’s functional homologue in herpes simplex virus, ICP27,
has also been found to interact with REF via a domain located
between aa 104 and 138 of the protein (4, 20). This interaction
has been shown to be important for recruitment of REF to
ICP4-containing transcription foci early in infection, away
from SC35 speckles (5), but similar to what is seen with EB2,
this interaction does not appear to be important for ICP27
export from the nucleus to the cytoplasm (5, 19). Interestingly,
it was found that ICP27 also interacted with TAP without REF
bridging. This interaction appeared to involve two distinct do-
mains of the protein, one at the very N terminus of ICP27 and
the second at its extreme C terminus (5). By using a dominant-
negative TAP mutant (which has its C-terminal domain re-

FIG. 9. Model of recruitment of TAP to EB2-containing mRNPs.
(A) EB2 first interacts with its target mRNA and recruits REF into the
mRNP. (B) TAP recruited by REF onto the mRNP interacts with EB2
at a low affinity. (C) TAP is transferred to the mRNA following its
interaction with REF and changes its conformation, thereby interact-
ing with EB2 at a higher affinity.
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quired for interaction with nucleoporins deleted but which still
interacts with ICP27), Chen et al. (4) demonstrated that TAP
was required for ICP27 export from the nucleus. Thus, EB2
and ICP27 both appear to use very similar mechanisms to
recruit the mRNA export factor TAP.

In conclusion, our results clearly show that by directly bind-
ing to an arginine-rich domain of EB2, the general mRNA
export factor TAP can mediate nuclear export. This direct
interaction between EB2 and TAP is likely to be essential for
efficient export of viral mRNAs.

ACKNOWLEDGMENTS

This work was supported by the Institut National de la Santé et de
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