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Adaptor proteins stimulate the nuclear export of mRNA, but their
mechanism of action remains unclear. Here, we show that REF/ALY
binds mRNA; but upon formation of a ternary complex with TAP
the RNA is transferred from REF to TAP, and overexpression of TAP
displaces REF from mRNA in vivo. RNA is also handed over from two
other adaptors, 9G8 and SRp20 to TAP upon formation of a ternary
complex. Interestingly, the RNA-binding affinity of TAP is en-
hanced 4-fold in vitro once it is complexed with REF. 9G8 and SRp20
also enhance the TAP RNA-binding activity in vitro. Consistent with
a model in which TAP directly binds mRNA handed over from
adaptors during export, we show that TAP binds mRNA in vivo by
an arginine-rich motif in its N-terminal domain. The importance of
direct TAP-mRNA interactions is confirmed by the observation that
amutant form of TAP that fails to bind mRNA but retains the ability
to bind REF does not function in mRNA export.
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Transport of mRNA from the nucleus to cytoplasm is an
essential step in eukaryotic gene expression. Various pro-
teins involved in mRNA export are conserved from yeast to man,
including Sub2p, Yralp, and Mex67p, whose mammalian or-
thologs are UAP56, REF/ALY, and TAP/NXF1, respectively.
Sub2p/UAP56 is an RNA helicase required for spliceosome
assembly and mRNA export (1, 2). Sub2p/UAP56 binds to
Yralp/REF, and together they associate with THO proteins to
form the TREX complex, which directly couples transcription
and export in yeast and indirectly couples transcription and
export by splicing in humans (3, 4). UAP56 provides a bridge
between THO proteins and REF in TREX (4) and REF is
thought to assist recruitment of TREX to the 5’ ends of mRNA
by an interaction with the Cap-binding complex (5, 6).
REF/Yralp interacts with TAP/Mex67p, and in yeast this
interaction leads to displacement of Sub2p from Yralp (7). TAP
heterodimerizes with p15 and binds nucleoporins through cen-
tral and C-terminal domains (8), directing the mRNP to the
nuclear pore and promoting transport to the cytoplasm. On the
cytoplasmic side of the nuclear pore, Dbp5p triggers displace-
ment of Mex67p from mRNA. Yralp binds mRNA early during
its nuclear maturation but is no longer bound once it reaches the
nuclear periphery (9). Consistent with this finding, analysis of
Balbiani ring pre-mRNPs shows that UAP56 and REF accom-
pany the mRNP to the nuclear periphery where UAP56 and then
REEF dissociate during translocation through the pore (10).
Although Yralp is essential for yeast mRNA export, depletion
of REF in higher eukaryotes does not block bulk mRNA export
(11), suggesting that other proteins can fulfill this role and that
there may be functional redundancy between export adaptors.
The shuttling SR proteins 9GS, SRp20, and SF2/ASF directly
bind TAP by short arginine-rich peptides (12, 13) and can
function as export factors (14). Even in yeast, other proteins can
recruit Mex67p to the mRNP, including Yra2p (15) and Npl3p.
The fact that TAP binds RNA weakly in vitro led to the idea
that export factors such as REF, which bind RNA avidly, bridge
the interaction between TAP and mRNA, leading to the term
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Fig. 1. Displacement of UAP56 from REF by TAP. (A) Co-IP assays. Total extracts
from 293T cells (Mock, lane 1) transfected with FLAG-Myc-tagged REF (lane 2) or
cotransfected with Myc-tagged UAP56 and either control (FLAG) or FLAG-Myc-
tagged REF construct (REF) (lanes 3-6) were incubated with increasing amount of
purified recombinant GST-TAP-p15 (TAP-p15, lanes 5 and 6) before IP with
a-FLAG antibodies. Total extracts (Top and Middle) and purified complexes
(Bottom) were analyzed by Western blotting (WB) with the indicated antibodies.
(B) EMSA with a 32P-radiolabeled 15-mer RNA in the presence of 1 uM GST control
(lane 1) and GST-tagged fusions of REF (lanes 2-11).

mRNA export adaptors (15). However, both TAP and Mex67p
are readily UV-cross-linked to mRNA in vivo (16-18), suggest-
ing a direct stable interaction at some point during export. Here,
we show that mRNA is handed over from export adaptors to
TAP and that at least in vitro, export adaptors have the ability
to enhance the RNA-binding activity of TAP.

Results

The RNA- and TAP-Binding Sites on REF Overlap. In Saccharomyces
cerevisiae, Mex67p binding to Yralp triggers displacement of Sub2p
(7), so we established whether this is the case for the mammalian
orthologs. We examined whether UAP56 coimmunoprecipitated
(Co-IP) with REF2-I (REF) in the presence of increasing amounts
of TAP. This analysis revealed that TAP triggered dissociation of
UAP56 from REF (Fig. 14, lanes 5 and 6).

We analyzed organization of the resulting REF-TAP-RNA
ternary complex by examining how REF binds RNA. NMR
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Fig. 2. TAP-binding domain in REF. (A) Pulldown assays. GST (control, lane
1) and GST-TAP-p15 (lanes 2-9) were immobilized on glutathione-coated
beads. 35S-radiolabeled REF proteins indicated by aa numbers were added to
the binding reactions in the presence of RNase. Eluted proteins were analyzed
by SDS/PAGE and Phosphorimaging. (B) Pulldown assays. Input corresponds to
purified TAP-p15. Recombinant GST (lane 2) and GST-REF (lane 3), GST-REF
amino acids 16-36 (lane 4), or GST-REF 1-155 deleted from amino acids 16 to
37 (lane 5) were immobilized on glutathione beads, and TAP-p15 was added.
Eluted proteins were analyzed by SDS/PAGE stained with Coomassie blue. (C)
Pulldown assays as in A. GST (lane 1) and GST-TAP-p15 (lanes 2-10) were used
in pulldown assays with 35S-REF proteins + RNase. Sequence of the TAP-
interacting site of REF with underlined arginine positions is shown. (D) (Upper)
Peptide sequences of Antennapedia cell-permeable element (AP) fused to REF
amino acids 16-36 (WT) or to the same peptide with mutations of R29,R30
(MUT). (Lower) Poly(A)" RNA localization in HeLa cells (no peptide) and in cells
incubated for 72 h with 12.5 uM WT or MUT peptides. (E) Luciferase activity
generated by MS2 fusions normalized with a LacZ transfection control in the
tethered export assay with the pLUCSALRRE6MS2 reporter. Error bars repre-
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techniques had revealed extensive chemical shifts on binding
RNA, mapping to the N domain (amino acids 1-73) and RRM
(amino acids 74-155) loops 1 and 5 (19). Electrophoretic
mobility shift assays (EMSAs) also implicated the N and C
variable regions (amino acids 15-71 and 165-198) in RNA
binding (20). We used EMSAs to dissect regions of the N
variable region involved in RNA binding [Fig. 1B and supporting
information (SI) Fig. S14]. REF and both N and C (amino acids
156-218) domains fused to the RRM bind RNA, and removal of
the first 15 or last 20 aa did not alter this activity (Fig. 1B, lanes
3 and 4, and 9 and 10). In contrast, amino acids 38-155 and
54-155 failed to bind RNA, implicating amino acids 16-37 in
RNA binding. Indeed, a minimal peptide encompassing amino
acids 16-36 fused to GST bound RNA (Fig. 1B, lane 8). These
data are consistent with observations that this region displays
NMR chemical shifts upon addition of RNA (19). The EMSA
data also implicate amino acids 166-198 in RNA binding (Fig.
1B, lanes 10 and 11), and this region together with amino acids
16-36 of REF contain RGG RNA-binding motifs (21). Despite
being unable to observe an interaction between the REF RRM
and RNA with EMSA (Fig. 1B, lanes 6 and 7 and ref. 20), a weak
interaction between the RRM and RNA is detectable by NMR
and UV-cross-linking assays (19). Taken together, the data
suggest that the N- and C-terminal RGG boxes together with the
RRM contribute to RNA binding.

We next examined how REF binds TAP. Full-length REF
bound GST-TAP/pl5 as did amino acids 1-155 and 16-155 (Fig.
2A4), whereas amino acids 38-155 bound GST-TAP/p15 more
weakly, suggesting that amino acids 16-37 were important for
TAP interaction. The minimal REF RNA-binding peptide,
amino acids 16-36, fused to GST was sufficient for TAP
interaction by using a pulldown assay (Fig. 2B). Furthermore,
when this region was deleted, the remaining weak interaction
with the RRM was not detectable by using Coomassie staining
(Fig. 2B, lane 5). Weak binding was seen for constructs encom-
passing the RRM (Fig. 24, lane 6), which requires amino acids
54-73 for optimal folding, consistent with earlier NMR and
biochemical analysis of the TAP-REF interaction (22). The
interaction with the TAP-binding site in the N domain (Fig. 24,
lane 7) is weaker than that seen for the N domain + RRM (lane
3), indicating the two domains work together to ensure optimal
TAP binding, in contrast to the earlier suggestion that the RRM
was unimportant for TAP binding (20). Earlier reports suggested
that TAP also interacts with the C domain of REF proteins, yet
we only detected this interaction, which mapped to amino acids
155-198, using a less chaotropic buffer (Fig. S1C). Together,
these results indicate that TAP binds strongly to amino acids
16-36 and weakly to the RRM and C-terminal binding sites, with
the combined action of amino acids 16-36 and the RRM
required for optimal interaction. These data are consistent with
the observation that the Yralp N-terminal domain binds
Mex67p strongly compared with the C-terminal domain (15).

An arginine-rich motif is essential for TAP interaction with
9G8, SRp20, and SF2/ASF (12, 13). Therefore, we assessed
whether arginines present within REF amino acids 16-36 were
required for TAP binding. Mutation of R17, R20, and R21 had
no effect on the interaction (Fig. 2C, lanes 4 and 5), whereas R24

sent SD values from three datasets, each carried out in triplicate. Fold activa-
tions relative to MS2-GFP are shown. (F) Co-IP assays. Total extracts from 293T
cells (Mock) cotransfected with Myc-tagged TAP and either control (FLAG) or
FLAG-Myc-tagged REF constructs indicated by aa numbers were treated with
RNase before IP with a-FLAG antibodies. Total extracts (Top) and purified
complexes (Middle and Bottom) were analyzed by Western blotting with the
indicated antibodies. Asterisks indicate heavy or light IgG chains. REF amino
acids 1-155 and 71-218 comigrate with the light chains of FLAG antibody used
for IP.

PNAS | April 1,2008 | vol. 105 | no.13 | 5155

GENETICS


http://www.pnas.org/cgi/data/0709167105/DCSupplemental/Supplemental_PDF#nameddest=SF1
http://www.pnas.org/cgi/data/0709167105/DCSupplemental/Supplemental_PDF#nameddest=SF1
http://www.pnas.org/cgi/data/0709167105/DCSupplemental/Supplemental_PDF#nameddest=SF1

Lo L

P

1\

o LN A D

and R32 mutations reduced binding significantly (Fig. 2C, lanes
6 and 8) and double mutation of R29,R30 drastically reduced
TAP binding (Fig. 2C, lanes 7 and 10). Therefore, R29,R30 plays
a critical role in binding TAP, with R24,R32 contributing to this
interaction. Thus, 9G8, SRp20, and REF all use arginine-rich
peptides to bind TAP. Mutation of R29K,R30K (Fig. 2C, lane 9)
still supported a strong TAP interaction, indicating that the
charge of these amino acids plays a key role in binding.

Analysis of REF Domains in mRNA Export. To examine whether the
N-terminal TAP-binding motif in REF was functional in vivo, we
generated fusions of Antennapedia internalization element to
amino acids 16-36 of REF (WT) or to a peptide bearing
mutations of R29-R30 (MUT) (Fig. 2D). The effects of these
peptides on mRNA export in HeLa cells were examined by using
fluorescence in situ hybridization (FISH) to detect poly(A)*
RNA. In the absence of peptide, HeLa cells showed a clear
mRNA signal in the nucleus and cytoplasm. In contrast, there
was a robust nuclear accumulation of mRNA at 72 h in the
presence of the WT peptide with little cytoplasmic mRNA
staining, indicating that the TAP-binding peptide functions as an
inhibitor of mRNA export. Mutations R29A,R30A abolished
these effects, highlighting the importance of R29,R30 for inter-
action with TAP-pl15.

There is potentially functional redundancy between mRNA
export adaptors, therefore to address specifically the function of
REF domains in vivo further we used a tethered assay. In this
assay, the activity of an export factor is monitored by tethering
it to an inefficiently exported reporter mRNA via bacteriophage
MS2 coat protein (MS2) and RNA operator sequences (13) (Fig.
2E). The MS2 fusion protein expression was verified, and all
constructs with the exception of MS2-REF (amino acids 71-155)
showed good levels (Fig. S2). All MS2 fusions showed nuclear
expression by immunofluorescence (data not shown). The teth-
ering of TAP to reporter mRNA led to a 58-fold activation of
luciferase activity compared with MS2-GFP, whereas MS2-REF
gave rise to ~4-fold activation. Amino acids 1-155 showed 75%
activity compared with full-length REF, whereas the C domain
does not function in this assay. Amino acids 71-218, lacking the
N-terminal binding site for TAP, showed weak activation, as did
the isolated N domain. Thus, although TAP binds the N domain
of REF in vitro and a peptide from this domain blocks mRNA
export in vivo, the strength of this interaction appears insufficient
to promote export of reporter RNA. Given that amino acids
1-155 encoding the N domain and RRM shows a stronger TAP
interaction in vitro and good activity in vivo, it may be that the
combined action of the N and RRM domains of REF is
important for function in vivo providing a stable TAP-binding
site. REF with point mutations in R20,R21, which binds TAP
well in vitro, functions normally in this assay, whereas R29,R30
mutations that reduces the interaction with TAP in vitro, signif-
icantly reduce its mRNA export activity in vivo. To confirm the
function of REF domains in vivo correlates with their TAP-
binding ability we used a Co-IP assay (Fig. 2F). These data
showed that domains of REF that function in the export assay,
Co-IP with TAP and vice versa. The Co-IP assay is less sensitive
than the in vitro binding assays, which may explain why weaker
interactions between TAP and REF domains, e.g., REF (amino
acids 1-73), are not detected. We conclude that the combined
action of amino acids 16—-36 and RRM provides a stable binding
site for TAP in vivo, allowing its efficient recruitment to mRNA
for export.

TAP Displaces RNA from Export Adaptors, Which in Turn Enhance RNA
Binding by TAP. The data presented above together with NMR
data (19) show that RNA and TAP bind overlapping regions in
REF, suggesting a mutually exclusive interaction, addressed by
using RNA UV-cross-linking assays. TAP-p15 showed a weak
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Fig.3. Exportadaptors enhance TAP RNA binding. (A) In vitro reconstitution of
REF-RNA-TAP-p15 complexes. GST (lane 1), TAP-p15 (lanes 2 and 3), or GST-REF
(REF, lanes 4-9) were first incubated with continuously 32P-radiolabeled RNA.
Equimolar (lanes 6 and 7) or 5 molar excess (lanes 8 and 9) TAP-p15 was added to
the GST and GST-REF RNA-binding reactions. Bound RNA was UV-cross-linked as
indicated, treated with RNase, and protein-RNA complexes were purified. Eluted
complexes were analyzed on SDS/PAGE by Coomassie blue (Upper) and Phospho-
rimaging (Lower). (B and C) Cross-linking experiments carried out as described in
A except GST-TAP was used to pull down SRp20 (amino acids 1-90) (B) or 9G8
(amino acids 12-98) (C). The indicated end-labeled RNA oligonucleotides were
used. Lanes 1 and 2 show free SR proteins; lanes 3-8 represent pulldowns. (D) In
vitro reconstitution of 9G8 RNA-TAP-p15 complexes. Experiments were carried
out and displayed as in A except GST-9G8 (amino acids 1-122) was used. (E) RNA
binding affinities were measured as described in Experimental Procedures for
GST-TAP-p15 and GST-TAP-p15-REF2-1 complex. (F) In vivo competition assay.
293T cells transfected with either FLAG control (FLAG) or FLAG-tagged REF (REF)
and increasing amounts of Myc-tagged TAP and p15 expression plasmids (TAP-
p15) were exposed to UV as indicated. REF complexes were immunopurified with
a-FLAG antibodies. (Bottom) Purified complexes were treated with RNase, and
the resulting residual mRNAs cross-linked to REF were end-labeled by using
[v32JATP and polynucleotide kinase before Phosphorimaging. (Top) Increasing
expression of TAP was confirmed in total extracts by a-Myc Western blotting
(WB). (Top Middle and Bottom Middle) Successful purification of FLAG-REF was
confirmed by WB (Top Middle) and Coomassie staining (Bottom Middle). The
band found in all lanes in Bottom Middle corresponds to the IgG light chain.

and GST-REF a strong cross-link with RNA, respectively (Fig.
34, lanes 3 and 5). When GST-REF was incubated with RNA
and then mixed with equimolar TAP-p15 followed by UV
cross-linking, there was substoichiometric pull down of TAP-p15
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with GST-REF (Fig. 34, lanes 6 and 7). However, there was a
significant reduction in the RNA bound to REF and a concom-
itant increase in RNA cross-linked to TAP compared with free
TAP (Fig. 34, lanes 3, 7, and 9). When TAP was present in a 5
molar excess (in solution), the interaction between RNA and
REF was abolished, whereas there was a ~5-fold increase in
RNA cross-linked to TAP (Fig. 34, lane 9). We conclude that
when TAP binds a REF-RNA complex, RNA is displaced from
REF. Even when excess TAP is used in these assays, we fail to
see stoichiometric pull down of TAP with GST-REF, yet at the
time of UV cross-linking (in solution), REF was clearly satu-
rated with TAP because no RNA was bound to REF, which
indicates that during purification after cross-linking, a significant
amount of TAP is lost. To examine whether the ability to alter
the RNA cross-linking activity of TAP was a general property of
adaptors, we carried out assays with 9G8 and SRp20. Using an
RNA that cross-linked to SRp20 and 9G8, we showed that RNA
is displaced from both proteins on TAP binding and that they
enhance the TAP UV cross-linking activity (Fig. 3 B and C, lanes
6 and 8). Similar results were obtained by using SF2/ASF (data
not shown). These data show that enhancement of TAP RNA-
binding activity is a general property of adaptors.

A further cross-linking assay was carried out by using contin-
uously labeled nonspecific RNA that did not bind 9GS8; yet in this
assay, 9G8 was still capable of enhancing TAP RNA cross-
linking (Fig. 3D, lanes 3 and 8). This finding indicates that
adaptors do not simply increase the local RNA concentration in
this assay upon binding to TAP; rather, they directly alter the
TAP RNA UV-cross-linking activity. We confirmed that the
increased cross-linking activity seen for TAP corresponded to
increased RNA-binding affinity by using a GST pulldown assay
with radiolabeled 15-mer RNA followed by quantification of
bound and free RNA (Fig. 3E). Under conditions used in this
assay, REF efficiently complexed with TAP and in the complex
only TAP bound RNA (Fig. S3). Binding analysis (Fig. 3E)
showed GST-TAP-p15 bound RNA with a K4 of 67 £ 13 uM,
whereas GST-TAP-p15-REF complex bound RNA with a K4 of
17 = 3 uM, representing a 4-fold higher affinity, which is
consistent with the =~5-fold increase in UV-cross-linking
activity.

We next examined whether excess TAP influenced the inter-
action of REF with RNA in vivo. REF was cross-linked to RNA
in vivo and immunoprecipitated under stringent conditions, and
the bound RNA was digested to a minimal fragment and
end-labeled (Fig. 3F). With normal TAP levels, there was a
robust UV-dependent interaction between REF and RNA,
consistent with the observation that Yralp cross-links with
mRNA in vivo (9). Overexpression of TAP led to a dose-
dependent decrease in the RNA cross-linked to REF (Fig. 3F,
lanes 6 and 8). These data are consistent with a model whereby
RNA and TAP binding to REF are mutually exclusive in vivo.

The RNA-Binding Domain of TAP Is Required for Its Export Activity in
Vivo. To determine the importance of RNA handover to TAP, we
set out to generate mutations in TAP that retained the ability to
bind REF but not RNA. To this end, we investigated which aa
of TAP were responsible for general RNA binding. Earlier work
demonstrated the TAP RNP-type RNA-binding domain (RBD)
was dispensable for activity in vivo (23), although it had not been
shown that the isolated RBD (amino acids 118-198) bound
RNA. Amino Acids 96-198, encompassing the RBD, bind RNA
(24), yet a separate study showed that amino acids 61-121 were
involved in RNA binding (25). We clarified which region of TAP
is responsible for nonspecific RNA binding by using truncations,
internal deletions, and mutations (Fig. S1). These results showed
that internal RBD deletion, shown to function in vivo, cross-
linked with RNA efficiently (Fig. 44, lanes 4 and 16) and that the
isolated RBD cross-linked with RNA inefficiently (Fig. 44, lane
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Fig. 4. Identification of the TAP RNA-binding domain. (A) RNA cross-linking
using continuously labeled RNA and GB1-TAP fusions. (B) UV cross-linking mRNP
capture assay. 293T cells were transfected with FLAG-TAP-Myc or FLAG-TAP-Myc
10RA vectors and mRNA capture assays carried out after UV irradiation of cells as
indicated. TAP proteins cross-linked to the mRNA were detected by Western
blotting (WB) with a-Myc Abs. (C) GST pulldowns using GST (lane 1) or GST-REF
(lanes 2—-4) with GB1-TAP fusions. (D) Rescue of the mRNA export block induced
by TAP RNAI. Hela cells were transfected with pSUPERLUC (control RNAI) or
pSUPERTAP (TAP RNAI) together with FLAG, FLAG-TAP, or FLAG-TAP 10RA vec-
tors modified to make the mRNAs resistant to RNAI. Poly(A)* RNA was detected
by using Cy3-oligo(dT)se. The third and sixth sets of panels from the Top show a
larger magnification image compared with other panels.
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14). Amino acids 61-118 showed a strong RNA cross-linking
activity consistent with earlier work (25) and amino acids 1-60
a weaker activity. Within amino acids 61-118 there are a large
number of arginines potentially involved in RNA binding, and
despite low overall conservation of this region across organisms,
TAP orthologs possess a basic region at the N terminus (Fig. S4).
Mutation of 10 arginines within this region (Fig. S4) in TAP
amino acids 1-198 drastically reduced RNA binding in vitro (Fig.
44, lanes 18 and 20), and full-length TAP 10RA did not UV
cross-link to mRNA in vivo (Fig. 4B, lanes 10 and 13). However,
these mutations did not prevent the interaction with REF
(Fig. 40).

To address whether the 10RA form of TAP was functional in
vivo, we assessed its ability to rescue the mRNA export defect
seen in mammalian cells after RNA interference (RNAi) knock-
down of TAP (26). Rescue cDNA expression vectors were
prepared by generating silent mutations in the TAP RNAi vector
target sequence for both WT and TAP 10RA. These vectors
included an N-terminal nuclear localization signal to counteract
potential disruption of the normal TAP nuclear localization
signal in the 10RA mutant. Western blot analysis (Fig. S54)
confirmed that these cDNAs were resistant to RNAI. The ability
of these cDNAs to rescue TAP knockdown was assessed in HeLa
cells treated with actinomycin D for 2 h before detection of
poly(A)* RNA to reduce the nuclear signal from nascent mRNA
(27). After TAP knockdown, a robust nuclear accumulation of
RNA was observed in many cells at 72 h after transfection. The
TAP RNAi-resistant cDNA rescued the TAP knockdown with
very few cells showing nuclear accumulation of mRNA. In
contrast, the 10RA form of TAP was incapable of rescuing the
TAP RNAI phenotype, with many cells showing nuclear accu-
mulation of mRNA. The phenotype seen with the 10RA mutant
was more pronounced than that seen with the TAP RNAi vector
alone. Consistent with this finding, expression of the 10RA
mutant in HeLa cells with a control RNAI vector led to a limited
number of cells showing an mRNA export block, indicating that
this mutant may act as a weak dominant negative. We conclude
that the RNA-binding activity of TAP is required for its mMRNA
export activity in vivo.

Discussion

Although the importance of adaptors for mRNA export is
established, their precise function has remained unresolved.
Here, we have shown that at least one function of export
adaptors is to hand mRNA over to TAP during export. There-
fore, export adaptors play a central role in remodeling the
protein-mRNA interactions within the mRNA export complex
during transport from the nucleus to the cytoplasm.

Function of REF Domains. The overlap between DDX39 and
TAP-binding sites on REF revealed by previous structural
studies (19) explains why recruitment of TAP to REF leads to
displacement of UAP56 as demonstrated here. This situation is
similar to that found in yeast and is consistent with electron
microscopy data from Chironomus tentans, indicating that
UAP56 is displaced from the mRNP before REF (10).
Functional studies in Xenopus oocytes had shown that REF
can stimulate mRNA export but only when the RRM was present
(20). Furthermore, deletion of the RRM from S. cerevisiae Yralp
causes mRNA export defects (15), yet these studies did not
identify the weak interaction between the RRM and RNA/TAP.
Therefore, the reasons for conservation of the RRM in adaptors
and its requirement for activity in vivo were unclear. Structural
studies of REF have shown that the N domain binds the RRM
in the free state and that interaction with RNA, TAP, or DDX39
triggers a conformational change such that these ligands are
embraced by the N domain of REF and the RRM (19). By using
REF constructs * RRM we have shown how the combined
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interaction with amino acids 16-36 and the RRM provides the
stable TAP-binding site required for REF activity in vivo.

The N-terminal TAP-binding peptide in REF is arginine-rich,
and the SR proteins 9G8, SRp20, and SF2/ASF also use arginines
in a short peptide adjacent to their RRM for interaction with
TAP (12, 13), indicating a common mode for TAP binding.
Furthermore, the arginine-rich TAP-binding peptide from REF
functions as an effective mRNA export inhibitor in vivo. Al-
though the primary interaction with TAP involves arginines,
both classes of adaptor show weak interactions with TAP via
their RRMs. As well as stabilizing the overall interaction, the
RRM may contribute to the specificity of binding, especially
given the low complexity of the arginine-rich peptides and their
prevalence in other RNA-binding proteins that do not function
as export adaptors.

Handover of mRNA from Export Adaptors to TAP. It has been
assumed that export adaptors would remain bound to RNA
during export and bridge the interaction between TAP and
mRNA. Yet, we have shown that in fact the mRNA is transferred
to TAP, which could account for why a TAP-mRNA cross-link
is readily detected in vivo (16-18 and this work).

Earlier studies on Yralp and Mex67p suggested that Mex67p
and RNA bound Yralp simultaneously (28). However, a pre-
formed complex of Mex67p and GST-Yralp, with Mex67p
present in substoichiometric amounts, was used for UV-cross-
linking analysis; free GST-Yralp would have been present and
capable of interacting with RNA. We observe that, by using a
preformed GST-REF-TAP/p15 complex, where substoichio-
metric amounts of TAP/p15 are present, RNA cross-links to both
TAP and the free GST-REF (data not shown). In light of this
observation, Yralp may also be displaced from mRNA once
saturated with Mex67p.

Modifying the TAP RNA-Binding Activity. When TAP is tethered to
pre-mRNA or over expressed it stimulates the direct export of
pre-mRNA (23). Simple retroviruses and TAP pre-mRNA have
taken advantage of this property by evolving specific high-affinity
RNA elements that directly bind TAP, recruiting it and promoting
export of RNAs that would normally be exported inefficiently (29,
30). Were TAP to directly bind all cellular pre-mRNAs efficiently,
it might lead to premature export, a disastrous situation for the cell,
so it is likely that this process is regulated. Recruitment of TAP to
mRNA by export adaptors, whose own recruitment is likely to be
regulated by RNA-processing events, provides one means to con-
trol the activity of TAP.

The in vitro observation that adaptors, including REF, SRp20
and 9GS, can enhance the RNA-binding affinity of TAP up to
4-fold is intriguing. The major nonspecific RNA-binding activity
of TAP involves an arginine-rich motif between amino acids 61
and 118, a region overlapping the minimal REF-binding domain
in TAP (amino acids 1-202) (14). Therefore, adaptors bind a
region that could influence the structure of the TAP RNA-
binding domain. Because this domain is predicted to be unstruc-
tured, adaptor binding may induce a more structured confor-
mation in TAP, conducive to RNA binding. Whether adaptors
are capable of enhancing the TAP RNA-binding activity in vivo,
thus providing a second means to regulate TAP activity, is an
open question. Overexpression of REF does not lead to in-
creased mRNP association for TAP using an mRNP capture
assay (data not shown and ref. 25). However, other proteins may
be limiting in this situation, and the stable recruitment of TAP
to mRNA may require factors such as U2AF or the Cap-binding
complex. Interestingly, 9G8 has recently been shown to enhance
expression of genes containing a constitutive transport element
(CTE) (31), which may arise through enhanced TAP-CTE
interaction. Clearly, further experiments are required to resolve
this issue and further establish whether loss of an export adaptor
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during the late stages of export destabilizes TAP-RNA inter-
actions, priming TAP for displacement from mRNA in the
cytoplasm.

Experimental Procedures
Plasmids. Plasmids used in this work are described in Table S1.

GST Pulldown Assays and Co-IPs. Pulldown assays were performed in the
presence of 5 ug of RNase as described in ref. 26 in PBS + 0.1% Tween or in
buffer RB100 [25 mM Hepes (pH 7.5), 100 mM KOAc, 10 mM MgCl,, 1 mM DTT,
0.05% Triton X-100, 10% (vol/vol) glycerol] for Fig. S1. Co-IP assays from
transfected 293T extracts treated with RNase were performed as described in
ref. 12. GST-TAP and p15 were produced by coexpression of pPGEX6P1-TAP and
pET9a-p15 in Escherichia coli. The two proteins copurify on glutathione—
Sepharose.

RNA Analysis. EMSA used a y-32P end-labeled CAGUCGCAUAGUGCA RNA as
described in ref. 32. In vitro cross-linking assays used 32-mer 32P continuously
labeled RNA synthesized from 1 ug of Xbal-restricted pBluescript-KS, 5 ug of
GST-REF or GST-9G8 1-122, or free TAP-p15 in 18 ul of RNA-Cl buffer [15 mM
Hepes (pH 7.9), 8 mM NacCl, 100 uM KCI, 0.2 mM EDTA, 5 mM MgCl,, 0.05%
Tween 20, 10% (vol/vol) glycerol] were mixed with 2 ul of RNA for 10 min on
ice and 10 min at room temperature. One to five molar excess of TAP-p15 was
incubated with GST-REF-9G8-RNA complexes for 10 min at room temperature
and then UV-irradiated on ice. Reactions were treated with 5 ug of RNase A
for 30 min at 37°C for 32-mer and incubated for 15 min with 10 ul of GSH
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beads. For in vitro cross-linking assays with 32P end-labeled 5'-CAGUCG-
CAUAGUGCA or 5'-UCAUCGAUC (Dharmacon), 5 ng of REF, SRP20 1-90, or
9G8 12-98 was incubated with 40 ng of RNA for 10 min at room temperature
before adding 2.5 ug of immobilized GST-TAP-p15. Beads were washed, and
eluted complexes were UV-irradiated on ice. Complexes were analyzed by
SDS/PAGE stained with Coomassie blue and Phosphorimaging. RNA affinities
of GST-TAP-p15 and GST-TAP-p15-REF complex were measured by using
reactions containing 5 ug of immobilized proteins and 0.31-10 wM 15-mer 32P
end-labeled RNA in 50 mM NaP (pH 7), 50 mM Nacl, 1 mM MgCl, 0.1% Tween
20 (Sigma). Beads were washed before Cerenkov counting the bound radio-
activity with a Beckman counter.

For in vivo cross-linking assays, PBS-washed transfected 293T cells were
UV-irradiated on ice with 0.120 J/cm?2. FLAG-Myc-REF was immunoprecipitated
with FLAG-agarose (Sigma) in 50 mM Hepes (pH 7.5), 1 mM EDTA, 0.5% Triton,
10% glycerol, 1 M NaCl, and complexes were eluted with 100 ug/ml FLAG
peptide for 30 min at 4°C. mRNA bound to REF was treated with 5 ug of
RNaseA for 30 min at 37°C and end-labeled with polynucleotide kinase in the
presence of 5 mM MgCl; followed by SDS/PAGE, Western blotting, and Phos-
phorlmaging analysis. UV-cross-linking mRNP capture assays were performed
as described in ref. 33. FISH experiments were performed as described in ref.
26. When indicated, 12.5 uM WT or MUT REF peptides were added to Hela
cells and incubated for 72 h before FISH analysis. The MS2-tethered mRNA
export assays were carried out as described in ref. 12.
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