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Summary

The only mammalian RNA binding adapter proteins
known to partner with TAP/NXF1, the primary receptor
for general mRNA export, are members of the REF
family. We demonstrate that at least three shuttling SR
(serine/arginine-rich) proteins interact with the same
domain of TAP/NXF1 that binds REFs. Included are
9G8 and SRp20, previously shown to promote the ex-
port of intronless RNAs. A peptide derived from the N
terminus of 9G8 inhibits the binding of both REF and
SR proteins to TAP/NXF1 in vitro, and this finding ar-
gues for competitive interactions. In Xenopus oocytes,
the N terminus of 9G8 exhibits a dominant-negative
effect on mRNA export from the nucleus, while addi-
tion of excess TAP/NXF1 overcomes this inhibition.
Thus, multiple adapters including SR proteins most
likely cooperate to recruit multiple copies of TAP/NXF1
for efficient mRNA export.

Introduction

The nuclear export of MRNA in vertebrate cells is a multi-
step process. Messages destined for export are bound
by export adapters that in turn interact with receptors,
which mediate essential interactions with the nuclear
pore complex (NPC). TAP/NXF1 (here referred to as TAP,
Mex67p in yeast) is believed to be the major receptor for
the export of bulk mRNAs to the cytoplasm (Izaurralde,
2002; Lei and Silver, 2002; Reed and Hurt, 2002). Origi-
nally identified as a host factor that facilitates export of
type D retroviral RNAs by binding directly to the constitu-
tive transport element (CTE) of these messages (Bray et
al., 1994; Grater et al., 1998), TAP is thought to promote
cellular mRNA export through interaction with RNA bind-
ing adapter proteins rather than by direct RNA binding
(Straesser and Hurt, 2000; Stutz et al., 2000). To date,
the only adapters identified for TAP are members of the
highly conserved REF family (Aly in mice, Yralp in S.
cerevisiae) of RNA binding proteins (Rodrigues et al.,
2001; Straesser and Hurt, 2000; Stutz et al., 2000; Zhou
et al., 2000). Both TAP (Kang and Cullen, 1999) and
Aly (Zhou et al., 2000) are nucleocytoplasmic shuttling
proteins.

*Correspondence: joan.steitz@yale.edu

We previously reported that two members of the evo-
lutionarily conserved SR (serine/arginine-rich) family of
splicing factors, 9G8 and SRp20, specifically bind an
intronless MRNA export element (Huang and Steitz,
2001). Importantly, these two proteins shuttle between
the nucleus and the cytoplasm (Caceres et al., 1998)
and bind polyadenylated RNAs in both compartments
of mammalian cells (Huang and Steitz, 2001), suggesting
arole as adapters for mMRNA export. In a search for their
cognate export receptor(s), we unexpectedly found that
not only 9G8 and SRp20, but also another shuttling SR
protein, ASF/SF2 (Caceres et al., 1998), interact directly
with TAP. SR protein binding in vitro is to the same
N-terminal region of TAP as that recognized by REF.
In vivo support for TAP-SR interactions is provided by
observations that injection of the N terminus of 9G8
(which interacts with TAP) into Xenopus oocyte nuclei
blocks mMRNA export, while coinjection of TAP relieves
the inhibition. The identification of a second class of
abundant RNA binding proteins that function as a link
between mRNA and its dominant export receptor sug-
gests that multiple adapters, including SR proteins, act
to recruit multiple copies of TAP for efficient export.

Results

Shuttling SR Proteins Selectively Bind TAP

Our original focus was the identification of the export
receptor for 9G8. To determine whether TAP might func-
tion in this role in mammalian cells, Flag-tagged TAP
(Flag-TAP), control Flag-tagged hnRNPA1 (Flag-A1), or
Flag vector alone were transiently expressed in HEK-
293 cells. Cell lysates were prepared and interacting
proteins were analyzed by immunoprecipitation (IP) with
anti-Flag antibodies in the presence of RNase A, fol-
lowed by SDS-polyacrylamide gel electrophoresis (SDS-
PAGE) and Western blot analysis. The expression level
of Flag-TAP was significantly less than that of Flag-A1
(Figure 1A, bottom panel, compare lane 3 to lane 1). Yet,
the amount of 9G8 associated with Flag-TAP was far
greater than that with either Flag-A1 or Flag alone (upper
panel, compare lane 3 to lanes 1 and 2). These results
suggest that 9G8 interacts specifically with TAP in vivo.
This interaction is not mediated by RNA, since the pres-
ence of RNase A (see Experimental Procedures) com-
pletely eliminated co-IP of hnRNPA1, which otherwise
occurs because of RNA binding proteins associating
with each other through RNA (data not shown). Also,
the 9G8-TAP interaction is not likely to be mediated by
other proteins, because purified recombinant versions
of TAP and 9G8 interact (Figure 1B).

We next asked whether other SR proteins are also
selectively bound by TAP in nuclear extracts. Glutathi-
one beads pre-coated with GST or GST-TAP were incu-
bated with HeLa cell nuclear extracts and selected pro-
teins analyzed by Western blotting. In addition to 9G8,
SRp20 and ASF/SF2 were bound by GST-TAP but not
by GST alone (Figure 1C). In contrast, SC35, a non-
shuttling SR protein (Céaceres et al., 1998), and HuR, a
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Figure 1. Shuttling SR Proteins Specifically Interact with TAP

(A) 9G8 binds Flag-TAP in transfected cells. After probing anti-Flag immunoprecipitates with anti-9G8, the upper blot was stripped and re-
probed with anti-Flag (lower blot).

(B) Purified recombinant TAP and 9G8 interact. E. coli-expressed GST or GST-TAP prebound to beads were individually incubated with purified
baculovirus-expressed histidine-tagged 9G8. Bound (lanes 3 and 4) and unbound (lanes 1 and 2) fractions were analyzed by Western blotting
using anti-9G8.

(C) TAP interacts with shuttling SR proteins in nuclear extracts. GST or GST-TAP (lanes 1 and 2) pre-bound on beads were incubated with
Hela nuclear extract. Bound proteins and the nuclear extract (Input) were analyzed by Western blotting using antibodies indicated on the

right.
(D) The fusion proteins used in (E) and (F).

(E) The indicated proteins prebound to beads were incubated with a mixture of 3S-labeled TAP and TRN1 (lane 1). Bound (lanes 5-7) and

unbound (lanes 2-4) fractions were analyzed.
(F) Bound proteins were analyzed as in (E).

shuttling RNA binding protein (Fan and Steitz, 1998),
were not selected (Figure 1C, lane 2). We conclude that
9G8, SRp20, and ASF/SF2 all interact specifically with
TAP in nuclear extracts.

RS Domains Are Not Essential for TAP

Interaction In Vitro

To identify the domain of 9G8 recognized by TAP, in
vitro binding assays were performed. Because we were
unable to obtain a fusion protein containing full-length
9G8 from E. coli, only 9G8 truncations were examined
(Figure 1D). Glutathione beads pre-bound with GST,
GST-9G8A (9G8 lacking the RS domain), or GST-9G8AZn
(identical to 9G8A but with the Zn knuckle also removed)
were incubated with a mixture of *S-labeled TAP and
transportin1 (TRN1). TRN1 is a receptor for hnRNP A1
(Pollard et al., 1996) and serves as a negative control.
Bound and unbound fractions were resolved and visual-
ized by autoradiography. As shown in Figure 1E, lanes
6 and 7, both truncated versions of 9G8 bound TAP but
not TRN1. Similar results were obtained with compara-
ble GST-ASF fusion proteins (Figures 1D and 1F).
Clearly, the RS domains of 9G8 and ASF/SF2 are not

essential for TAP interaction in vitro. We were unable
to test SRp20 in these assays because we could not
obtain soluble GST-SRp20 from E. coli.

SR Proteins Interact with the Same Region

of TAP as Recognized by REF

TAP can be structurally and functionally divided into
three domains (Figure 2A, top) (Izaurralde, 2002). The
substrate binding domain (aa 1-372) interacts with REF
(Stutz et al., 2000); the NTF2-like domain binds the es-
sential cofactor p15 (Bachi et al., 2000; Guzik et al., 2001;
Katahira et al., 1999); and the UBA domain interacts
with components of the NPC (Bachi et al., 2000). To
determine which domain(s) of TAP bind the SR proteins,
three *S-labeled TAP fragments (aa 1-362, 119-362,
and 1-202, Figure 2A, top) were synthesized. Incubation
with beads coated with GST-9G8A and GST-ASF but
not with GST alone selected aa 1-202 and 1-362 of TAP,
as did GST-REF (Figure 2B, lanes 7-9). We confirmed
these interactions by showing that 9G8, SRp20, and
ASF/SF2 in HeLa nuclear extract bind the N terminus
(aa 1-231) of TAP (Figure 2C), while under the same
conditions, hnRNPA1, SC35, and HuR (data not shown)
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Figure 2. TAP Interacts with SR Proteins and REF via Its N Terminus In Vitro
(A) Top: TAP domain organization with the three fragments used in (B) depicted below. Bottom: 9G8 RRM peptides used in (D). Arrowheads

mark the two amino acids mutated in the RNP1 motif.

(B) The indicated proteins were analyzed as in Figure 1E except that the input was a mixture of the three TAP fragments shown in (A).
(C) The N terminus of TAP interacts with shuttling SR proteins in nuclear extracts. The indicated proteins were incubated with HeLa nuclear

extract and analyzed by Western blotting as in Figure 1C.

(D) The 9G8 RRM peptide competes for binding to TAP. Binding assays were performed as described in Figure 1E, but in the presence or
absence of the peptides shown in (A). The molar excess of the peptides relative to the GST-fusion proteins are indicated at the top.

failed to bind. Since our anti-REF antibody crossreacted
with GST (data not shown), we could not study REF-
TAP interaction by Western blot analysis. We conclude
that 9G8, ASF/SF2, and REF interact with aa 1-202 of
TAP, a region significantly smaller than that reported
previously for REF binding (Stutz et al., 2000).

To investigate these novel TAP interactions further,
we designed two peptides (Figure 2A, bottom). WT cor-
responds to aa 13-63 from the N terminus of 9G8 (shown
to interact with TAP in Figure 1E), whereas MT differs
only in that the two conserved phenylalanines in the
RNP1 motif are replaced with aspartic acids. The same
mutations in the RRM of ASF/SF2 (Figure 1D) have been
shown previously to reduce affinity for RNA in vitro (Ca-
ceres and Krainer, 1993) and to abolish the ability of ASF/
SF2 to shuttle (Caceres et al., 1998). The TAP interaction
assays (Figure 1E) were repeated in the presence or
absence of the WT and MT peptides (Figure 2D). The
WT peptide noticeably inhibited the binding of TAP to
GST-9G8A, GST-ASF, and GST-REF at 30-fold molar
excess (compare lane 10 to lane 8) and reduced binding
to background levels at 100-fold molar excess (lane
11). In contrast, the MT peptide exhibited no significant
effect even at 100-fold excess (compare lane 9 to lane
8). These data indicate that 9G8, ASF/SF2, and REF all

compete for binding and support their interaction with
the same region of TAP.

The N Terminus of 9G8 Blocks mRNA Export

Based on the peptide competition results, we suspected
that an excess of the N terminus of 9G8 would exert a
dominant-negative effect on mRNA export by seques-
tering TAP. To test this, GST, GST-9G8A, and GST-9G8
MT were individually microinjected into Xenopus oocyte
nuclei. GST-9G8 MT is identical to GST-9G8A but with
the two phenylalanines in the RNP1 motif replaced by
aspartic acids (see Figure 2A, bottom). As expected,
this protein exhibited lower affinity for TAP than GST-
9G8A, as assessed by 3-fold better competition by the
WT peptide in in vitro assays (data not shown) like those
in Figure 2D.

After 1 hr of incubation, the oocyte nuclei received a
second injection of a mixture of labeled RNAs: AdML
pre-mRNA and U1 and U6 snRNAs. U1 snRNA provides
a negative control since it accesses an snRNA-specific
export pathway (Jarmolowski et al., 1994), while U6
snRNA is exclusively nuclear and controls for accurate
nuclear injection and fractionation (Jarmolowski et al.,
1994). Three hours later, nuclear and cytoplasmic RNAs
were isolated and analyzed. Regardless of which pro-
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Figure 3. 9G8 Participates in Export by Recruiting TAP

(A) The N terminus of 9G8 is an export inhibitor. GST, GST-9G8A,
or GST-9G8 MT (3 mg/ml) was injected into oocyte nuclei. The
second nuclear injection was a mixture (Input) of labeled AdML pre-
mRNA (Pre) (Zhou et al., 2000) and U1 and U6 snRNAs. For each
group, eight oocytes were fractionated into nucleus (N) and cyto-
plasm (C) and one oocyte equivalent analyzed.

(B) TAP relieves the inhibition caused by GST-9G8A. GST (3 mg/
ml), GST-9G8A (3 mg/ml), GST-TAP (0.3 mg/ml) plus GST (3 mg/ml),
or GST-TAP (0.3 mg/ml) plus GST-9G8A (3 mg/ml) was injected into
oocyte nuclei, followed by a second injection of the RNA mixture
and analysis as in (A).

(C) 9G8 is associated with RNAs exported by TAP. GST (0.3 mg/
ml, —) or GST-TAP (0.3 mg/ml, +) was injected into oocyte nuclei,
followed by a second nuclear injection of a mixture (Input) of the
histone pre-mRNA (Histone pre), AML pre-mRNA (Pre), and U1
and U6 snRNAs. In lanes 2-5, one oocyte equivalent of nuclear and
cytoplasmic RNAs was loaded on the gel. In lanes 6-13, six oocyte
equivalents of nuclear and cytoplasmic fractions after IP with the
indicated antibodies were loaded.

teins were injected, the AdML pre-mRNA (Pre) was effi-
ciently spliced, indicated by its disappearance and the
accumulation of the intron lariat in the nucleus (Figure
3A, lanes 3, 5, and 7).

Only 20% of the spliced AML RNA (Spliced) was
exported to the cytoplasm of oocytes preinjected with
GST-9G8A (lanes 4 and 5). In contrast, the export of
Spliced in oocytes preinjected with the control proteins
GST (lanes 2 and 3) or GST-9G8 MT (lanes 6 and 7) was
about 50%. This inhibition was mRNA specific since the
export of U1 snRNA was not affected by GST-9G8A.
Time-course analyses (data not shown) further revealed
that the export block was constant over time and was
not due to a secondary effect on splicing.

These results suggested that TAP is limiting in oocytes
and that the N terminus of 9G8 blocks export by compet-
ing with TAP for binding to adapter proteins such as
REF/Aly and SR proteins. In support of this hypothesis,
injection of recombinant TAP resulted both in more effi-
cient Spliced RNA export in the absence of GST-9G8A
(Figure 3B, compare lanes 6 and 7 to lanes 2 and 3) and
in relief of export inhibition in the presence of GST-9G8A
(compare lanes 8 and 9 to 4 and 5). Injection of even
higher doses of recombinant TAP failed to enhance ex-
port further (data not shown), presumably because of
limited amounts of the essential TAP cofactor, p15, in
oocytes (Braun et al., 2001; Guzik et al., 2001; Katahira
et al., 1999). Injection of baculovirus-expressed and his-
tidine-tagged full-length 9G8 had no effect on mRNA
export (data not shown), likely because endogenous
9G8 is already present in excess.

9G8 Contributes to mRNA Export through
Association with TAP

Inhibition of export by injection of the N terminus of 9G8
is consistent with a potential function for endogenous
9G8 in recruiting TAP to its bound mRNAs. If 9G8 is
utilized as an export adapter, we would expect endoge-
nous 9G8 to be associated with spliced RNAs exported
by TAP. Oocyte nuclei were injected with GST or GST-
TAP, followed by a second injection of a labeled mixture
of an intronless histone-related pre-mRNA (Histone
pre), the ADML pre-mRNA (Pre), and U1 and U6 snRNAs.
Histone pre contains the 101 nt histone export element
shown to bind 9G8 and SRp20 (Huang and Steitz, 2001;
Huang et al., 1999). After incubating the oocytes for 3
hr, nuclear and cytoplasmic fractions were prepared
and subjected to IP. In the absence of exogenous TAP,
~60% of Histone pre underwent 3’'-end processing, and
~15% of these molecules (Histone) were exported to
the cytoplasm. The AdML pre-mRNA (Pre) was com-
pletely spliced and ~30% of the spliced RNAs (Spliced)
exported (Figure 3C, lanes 2 and 3). Exogenous TAP
enhanced the export of Spliced about 3-fold and His-
tone about 2-fold (compare lanes 4 and 5 to lanes 2
and 3).

Significantly, the IP revealed that 9G8 is associated
with processed mRNAs both in the nucleus and in the
cytoplasm (lanes 6-9), while the control antibody did
not IP any RNAs (lanes 10-13). The association is spe-
cific since intron lariats and U1 and U6 snRNAs were
not appreciably precipitated. Importantly, elevated ex-
port by TAP led to an increased level of 9G8-associated
spliced RNA in the cytoplasm (compare lane 8 to 6),
suggesting that 9G8 actively recruits TAP and exits the
nucleus associated with the mRNA.

We cannot explain the absence of 9G8 association
with processed histone mRNA in the cytoplasm, but it
is possible that this reflects differential dissociation of
9G8 from various RNA cargoes following export. Indeed,
REF/Aly is likewise not detected in association with
spliced mRNAs in the oocyte cytoplasm (Kim et al.,
2001b). Binding of 9G8 to Histone pre containing the
101 nt element was predicted (lanes 8 and 9) (Huang
and Steitz, 2001). The stimulated export of this precursor
RNA in the presence of exogenous TAP (lanes 4 and 5)
mimics previous observations of pre-mRNA and intron-



SR Proteins as mRNA Export Adapters
841

less mMRNA export from oocyte nuclei when export fac-
tors are in excess (Zhou et al., 2000). Taken together, our
results strongly suggest that 9G8 promotes the export of
both intronless and spliced mRNAs by recruiting TAP.

Discussion

Our data indicate that, like REF/Aly, shuttling SR pro-
teins can recruit TAP to bound mRNAs, providing
adapter function for export. Members of the SR protein
family and the REF family all contain at least one RRM
domain (Graveley, 2000; Stutz et al., 2000). Yet it is not
this domain but rather the flanking regions of REFs that
have been demonstrated to interact with TAP (Stutz et
al., 2000). These regions exhibit no apparent sequence
similarity to SR proteins (data not shown). However, the
fact that SR proteins and REFs interact with the same
region of TAP suggests that they share an unidentified
common feature.

Our finding that shuttling SR proteins partner with TAP
makes TAP an attractive candidate export receptor for
SR proteins. Although the RS domains are not required
for TAP interaction in vitro (Figures 1 and 2), it is possible
that the phosphorylation status of the RS domains alters
SR protein subcellular localization (Caceres et al., 1998;
Koizumi et al., 1999; Sanford and Bruzik, 2001) or inter-
actions, thereby influencing TAP interactions in vivo.
SC35 does not shuttle (Caceres et al., 1998), nor does
it bind TAP (Figure 1C), presumably because of associa-
tion with interfering cellular factors (Cazalla et al., 2002).

The association of SR proteins with mRNAs occurs
through the proteins’ selective affinity for exonic splicing
enhancers in pre-mRNAs (Graveley, 2000) and export
elements in intronless mRNAs (Huang and Steitz, 2001).
Cooperative binding with other SR proteins is also
known to be important for mMRNA association (Graveley,
2000), and splicing may remodel these complexes. In
fact, SRp20 and REF/Aly are found in the exon junction
complex (EJC) that stably associates with mRNAs after
splicing and is thought to play important roles in non-
sense-mediated decay as well as in mRNA export (Kim
et al.,, 2001a, 2001b; Le Hir et al., 2001, 2000; Lykke-
Andersen et al., 2001; Reichert et al., 2002). REF/Aly
interacts with the splicing factor UAP56 (Sub2 in yeast)
(Fleckner et al., 1997; Kistler and Guthrie, 2001) and is
thought to be delivered to the EJC by UAP56 (Jensen
et al., 2001; Luo et al., 2001; Straesser and Hurt, 2001).
Although UAP56 (Sub2) is essential for general mRNA
export (Gatfield et al., 2001; Jensen et al., 2001; Luo et
al., 2001; Straesser and Hurt, 2001), its role in mRNA
export may not be limited to recruiting REF/Aly to
spliced mRNAs. Indeed, depletion of REF/Aly does not
lead to significant nuclear accumulation of poly(A) RNAs
in Drosophila cells (Gatfield and Izaurralde, 2002). We
have tried but not succeeded in detecting interactions
between human UAP56 and SR proteins (data not
shown). Instead, SR proteins may be targeted to mRNAs
viaatranscription-coupled process (Cramer et al., 1999).

Since the nuclear exit of mRNAs involves numerous
protein-protein interactions as the mRNP traverses the
nuclear pore, it would not be surprising if multiple export
adapters were required for efficient recruitment of multi-
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Figure 4. A Working Model for mRNA Nuclear Export

Left: SR proteins and REF/Aly bind pre-mRNA. Shuttling SR proteins
remain bound to spliced mRNA. The EJC assembled upon splicing
also contains SR proteins and REF/Aly (see text). TAP-p15 com-
plexes are then recruited by SR proteins and REF/Aly. Right: SR
proteins and REF/Aly bind intronless mRNAs in a splicing-indepen-
dent fashion, followed by the cooperative recruitment of TAP-p15
complexes. In both cases, multiple adapter molecules interact with
multiple TAP-p15 complexes to mediate export.

ple copies of TAP to each mRNA (Figure 4). Our results
uncover another link between splicing and mRNA ex-
port, underscoring the extensive molecular interplay be-
tween the various steps in eukaryotic gene expression.

Experimental Procedures

Plasmid Constructs

The plasmids expressing Flag-TAP, Flag-A1, His-9G8, GST-9G8A,
GST-9G8AZn, GST-ASF, and GST-ASFA were described (Cavaloc et
al., 1999, 1994; Lykke-Andersen et al., 2001). The plasmid encoding
GST-9G8 MT was created by site-specific mutagenesis of the plas-
mid expressing GST-9G8A. Plasmid pGEX-4T1-TAP encoding GST-
TAP was made by J. Lykke-Andersen by subcloning the BamHI/
Not | fragment of the plasmid expressing Flag-TAP into pGEX-4T1
(Pharmacia) at the corresponding sites. pPGEX-4T1-TAP 1-231 used
to express GST-TAP231 was prepared by J. Lykke-Andersen by
digesting pGEX-4T1-TAP with Stul/Notl, treating with the Klenow
fragment enzyme, and religating. The resulting construct expresses
atruncated TAP containing the first 231 amino acids. Plasmid pGEX-
4T1-REF2-1 encoding GST-REF (human REF2-1) was made by J.
Lykke-Andersen by subcloning the BamHI/Notl fragments of the
plasmid expressing Flag-REF2-1 (Lykke-Andersen et al., 2001) into
pGEX-4T1 (Pharmacia) at the corresponding sites. The plasmid for
Histone pre was created by inserting the 101 nt mouse histone H2a
export element (Huang et al., 1999) into pBluescript at the EcoRV
site, followed by insertion of a PCR fragment of the mouse histone
H3.2 gene (nt 473-623, containing the histone 3’-end processing
signal) at the HindlllI/Xhol sites downstream of the 101 nt sequence.

Antibodies

The anti-Flag M2 and anti-SRp20 antibodies were from Sigma and
Zymed, respectively. The anti-hnRNP A1 antibody (Pixol-Roma and
Dreyfuss, 1992) was a gift from Dr. G. Dreyfuss. The anti-pp32 (Bren-
nan et al., 2000), anti-ASF/SF2 (Cavaloc et al., 1999), anti-HuR (Gal-
louzi and Steitz, 2001), and anti-SC35 (Cavaloc et al., 1999) antibod-
ies were as described.

Cell Transfection and Immunoprecipitation

Cell transfection and immunoprecipitation with the anti-Flag anti-
body was performed as described (Lykke-Andersen et al., 2001).
All IP and in vitro binding assays were performed in the presence
of 200 png/ml of RNase A. For the in vitro binding assays in Figures
1C and 2C, GST or the indicated GST-fusion proteins (10 g each)
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pre-bound on 20 pl of glutathione beads were incubated with HeLa
nuclear extracts (40 pl) (Dignam et al., 1983) in 3 ml of binding buffer
(10 mM Tris-HCI [pH 8.0], 150 mM NaCl, 10% glycerol, 0.2% Triton
X-100, 1 mM DTT, 0.25 mM PMSF, 1X protease inhibitor cocktail
[Calbiochem], and 200 pg/ml of RNase A) at 4°C for 2 hr. Beads
were washed six times with binding buffer and bound proteins eluted
with SDS sample buffer, followed by SDS-PAGE and Western blot
analysis. In Figure 1B, 5 pg of GST or GST-TAP pre-bound on 5 pl
of beads was mixed with 10 p.g of histidine-tagged 9G8 in 200 pl
of binding buffer and analyzed as above. In Figures 2 and 3, GST
or the indicated GST-fusion proteins (5 ng each) pre-bound on 5 pl
of beads were incubated with 5 .l of an *S-labeled mixture of TRN1
and TAP or of the three TAP fragments synthesized by the TnT
coupled in vitro transcription and translation (Promega) in 200 p.l of
binding buffer. Bound and unbound fractions were resolved and
visualized by autoradiography. A plasmid expressing Flag-TAP
(Lykke-Andersen et al., 2001) was used for making *S-labeled TAP
and the three TAP fragments. The plasmid for *¥S-labeled TRN1
(Pollard et al., 1996) was from G. Dreyfuss.

Xenopus Oocyte Injection and RNA Analysis

Oocyte injection (13 nl/oocyte) and analyses were performed basi-
cally as described in Huang and Steitz (2001). In brief, proteins
at the indicated concentrations were injected into oocyte nuclei,
followed by a second nuclear injection of a ?P-labeled RNA mixture
(150 cpm/oocyte) 1 hr later. After 3 hr incubation, oocytes were
dissected, and nuclear and cytoplasmic RNAs analyzed by 8% de-
naturing PAGE. The quantitations in Figure 3B are an average of
two independent experiments. The IP procedure was carried out as
reported (Ohno et al., 2002); 12 pg of affinity-purified anti-9G8 or
20 pl of anti-pp32 was used per six oocytes. The injection and IP
experiments were performed three times, and similar results were
obtained.

Acknowledgments

We are grateful to J. Lykke-Andersen, G. Carmichael, and R. Reed
for plasmids and G. Dreyfuss for antibodies and plasmids. We thank
N. Conrad, R. Lytle, A. Rebane, and K. Tycowski for critical reading
of the manuscript, T. Yario and A. Schaefer for excellent technical
assistance, L. Kister for preparation of the GST-9G8 MT protein,
and the staff of the IGBMC facilities for their assistance. This work
was supported by a National Institutes of Health grant (to J.A.S.), a
Molecular & Oncologic Virology Training Program fellowship (to
Y.H.), and funds from the CNRS, the INSERM, and the Association
pour la Recherche sur le Cancer (to J.S.). J.A.S. is an investigator
of the Howard Hughes Medical Institute.

Received: August 14, 2002
Revised: December 27, 2002

References

Bachi, A., Braun, I.C., Rodrigues, J.P., Pante, N., Ribbeck, K., von
Kobbe, C., Kutay, U., Wilm, M., Gérlich, D., Carmo-Fonseca, M., and
Izaurralde, E. (2000). The C-terminal domain of TAP interacts with
the nuclear pore complex and promotes export of specific CTE-
bearing RNA substrates. RNA 6, 136-158.

Braun, I.C., Herold, A., Rode, M., Conti, E., and lzaurralde, E. (2001).
Overexpression of TAP/p15 heterodimers bypasses nuclear reten-
tion and stimulates nuclear mMRNA export. J. Biol. Chem. 276, 20536-
20543.

Bray, M., Prasad, S., Dubay, J.W., Hunter, E., Jeang, K.T., Rekosh,
D., and Hammarskjold, M.L. (1994). A small element from the Mason-
Pfizer monkey virus genome makes human immunodeficiency virus
type 1 expression and replication Rev-independent. Proc. Natl.
Acad. Sci. USA 91, 1256-1260.

Brennan, C.M., Gallouzi, |.E., and Steitz, J.A. (2000). Protein ligands
to HuR modulate its interaction with target mRNAs in vivo. J. Cell
Biol. 151, 1-14.

Caceres, J.F., and Krainer, A.R. (1993). Functional analysis of pre-

mRNA splicing factor SF2/ASF structural domains. EMBO J. 12,
4715-4726.

Caceres, J.F., Screaton, G.R., and Krainer, A.R. (1998). A specific
subset of SR proteins shuttles continuously between the nucleus
and the cytoplasm. Genes Dev. 12, 55-66.

Cavaloc, Y., Popielarz, M., Fuchs, J.P., Gattoni, R., and Stévenin,
J. (1994). Characterization and cloning of the human splicing factor
9G8: a novel 35 kDa factor of the serine/arginine protein family.
EMBO J. 13, 2639-2649.

Cavaloc, Y., Bourgeois, C.F., Kister, L., and Stévenin, J. (1999). The
splicing factors 9G8 and SRp20 transactivate splicing through differ-
ent and specific enhancers. RNA 5, 468-483.

Cazalla, D., Zhu, J., Manche, L., Huber, E., Krainer, A.R., and Ca-
ceres, J.F. (2002). Nuclear export and retention signals in the RS
domain of SR proteins. Mol. Cell. Biol. 22, 6871-6882.

Cramer, P., Caceres, J.F., Cazalla, D., Kadener, S., Muro, A.F., Bar-
alle, F.E., and Kornblihtt, A.R. (1999). Coupling of transcription with
alternative splicing: RNA pol Il promoters modulate SF2/ASF and
9G8 effects on an exonic splicing enhancer. Mol. Cell 4, 251-258.

Dignam, J.D., Lebovitz, R.M., and Roeder, R.G. (1983). Accurate
transcription initiation by RNA polymerase Il in a soluble extract
from isolated mammalian nuclei. Nucleic Acids Res. 11, 1475-1489.

Fan, X.C., and Steitz, J.A. (1998). HNS, a nuclear-cytoplasmic shut-
tling sequence in HuR. Proc. Natl. Acad. Sci. USA 95, 15293-15298.

Fleckner, J., Zhang, M., Valcarcel, J., and Green, M.R. (1997).
U2AF65 recruits a novel human DEAD box protein required for the
U2 snRNP-branchpoint interaction. Genes Dev. 711, 1864-1872.

Gallouzi, I.E., and Steitz, J.A. (2001). Delineation of mRNA export
pathways by the use of cell-permeable peptides. Science 294, 1895-
1901.

Gatfield, D., and lzaurralde, E. (2002). REF1/Aly and the additional
exon junction complex proteins are dispensible for nuclear mRNA
export. J. Cell Biol. 159, 579-588.

Gatfield, D., Le Hir, H., Schmitt, C., Braun, I.C., Kocher, T., Wilm,
M., and lzaurralde, E. (2001). The DExH/D box protein HEL/UAP56
is essential for mRNA nuclear export in Drosophila. Curr. Biol. 117,
1716-1721.

Graveley, S.R. (2000). Sorting out the complexity of SR protein func-
tions. RNA 6, 1197-1211.

Grlter, P., Tabernero, C., von Kobbe, C., Schmitt, C., Saavedra, C.,
Bachi, A., Wilm, M., Felber, B.K., and lzaurralde, E. (1998). TAP, the
human homolog of Mex67p, mediates CTE-dependent RNA export
from the nucleus. Mol. Cell 7, 649-659.

Guzik, B.W., Levesque, L., Prasad, S., Bor, Y.C., Black, B.E., Paschal,
B.M., Rekosh, D., and Hammarskjold, M.L. (2001). NXT1 (p15) is a
crucial cellular cofactor in TAP-dependent export of intron-con-
taining RNA in mammalian cells. Mol. Cell. Biol. 21, 2545-2554.

Huang, Y., and Steitz, J.A. (2001). Splicing factors SRp20 and 9G8
promote the nucleocytoplasmic export of mRNA. Mol. Cell 7,
899-905.

Huang, Y., Wimler, K.M., and Carmichael, G.G. (1999). Intronless
mRNA transport elements may affect multiple steps of pre-mRNA
processing. EMBO J. 18, 1642-1652.

|zaurralde, E. (2002). Nuclear export of messenger RNA. Results
Probl. Cell Differ. 35, 133-150.

Jarmolowski, A., Boelens, W.C., lzaurralde, E., and Mattaj, I.W.
(1994). Nuclear export of different classes of RNA is mediated by
specific factors. J. Cell Biol. 124, 627-635.

Jensen, T.H., Boulay, J., Rosbash, M., and Libri, D. (2001). The DECD
box putative ATPase Sub2p is an early mRNA export factor. Curr.
Biol. 11, 1711-1715.

Kang, Y., and Cullen, B.R. (1999). The human Tap protein is a nuclear
mRNA export factor that contains novel RNA-binding and nucleocy-
toplasmic transport sequences. Genes Dev. 713, 1126-1139.
Katahira, J., Strasser, K., Podtelejnikov, A., Mann, M., Jung, J.U.,
and Hurt, E. (1999). The Mex67p-mediated nuclear mRNA export
pathway is conserved from yeast to human. EMBO J. 18, 2593-2609.

Kim, V.N., Kataoka, N., and Dreyfuss, G. (2001a). Role of the non-



SR Proteins as mRNA Export Adapters
843

sense-mediated decay factor hUpf3 in the splicing-dependent exon-
exon junction complex. Science 293, 1832-1836.

Kim, V.N., Yong, J., Kataoka, N., Abel, L., Diem, M.D., and Dreyfuss,
G. (2001b). The Y14 protein communicates to the cytoplasm the
position of exon-exon junctions. EMBO J. 20, 2062-2068.

Kistler, A.L., and Guthrie, C. (2001). Deletion of MUD2, the yeast
homolog of U2AF65, can bypass the requirement of Sub2, an essen-
tial spliceosomal ATPase. Genes Dev. 15, 42-49.

Koizumi, J., Okamoto, Y., Onogi, H., Mayeda, A., Krainer, A.R., and
Hagiwara, M. (1999). The subcellular localization of SF2/ASF is regu-
lated by direct interaction with SR protein kinases (SRPKs). J. Biol.
Chem. 274, 11125-11131.

Le Hir, H., Izaurralde, E., Maquat, L.E., and Moore, M.J. (2000). The
spliceosome deposits multiple proteins 20-24 nucleotides upstream
of mRNA exon-exon junctions. EMBO J. 19, 6860-6869.

Le Hir, H., Gatfield, D., Izaurralde, E., and Moore, M.J. (2001). The
exon-exon junction complex provides a binding platform for factors
involved in mRNA export and nonsense-mediated mRNA decay.
EMBO J. 20, 4987-4997.

Lei, E.P., and Silver, P.A. (2002). Protein and RNA export from the
nucleus. Dev. Cell 2, 261-272.

Luo, M.L., Zhou, Z., Magni, K., Christoforides, C., Rappsilber, J.,
Mann, M., and Reed, R. (2001). Pre-mRNA splicing and mRNA export
linked by direct interactions between UAP56 and Aly. Nature (Lond.)
413, 644-647.

Lykke-Andersen, J., Shu, M.D., and Steitz, J.A. (2001). Communica-
tion of the position of exon-exon junctions to the mRNA surveillance
machinery by the protein RNPS1. Science 293, 1836-1839.

Ohno, M., Segref, A., Kuersten, S., and Mattaj, I.W. (2002). Identity
elements used in export of mRNAs. Mol. Cell 9, 659-671.
Pinol-Roma, S., and Dreyfuss, G. (1992). Shuttling of pre-mRNA
binding proteins between nucleus and cytoplasm. Nature 355,
730-732.

Pollard, V.W., Michael, W.M., Nakielny, S., Siomi, M.C., Wang, F.,
and Dreyfuss, G. (1996). A novel receptor-mediated nuclear protein
import pathway. Cell 86, 985-994.

Reed, R., and Hurt, E. (2002). A conserved mRNA export machinery
coupled to pre-mRNA splicing. Cell 708, 523-531.

Reichert, V.L., Le Hir, H., Jurica, M.S., and Moore, M.J. (2002). 5’
exon interactions within the human spliceosome establish a frame-
work for exon junction complex structure and assembly. Genes Dev.
16, 2778-2791.

Rodrigues, J.P., Rode, M., Gatfield, D., Blencowe, B.J., Carmo-Fon-
seca, M., and Izaurralde, E. (2001). REF proteins mediate the export
of spliced and unspliced mRNAs from the nucleus. Proc. Natl. Acad.
Sci. USA 98, 1030-1035.

Sanford, J.R., and Bruzik, J.P. (2001). Regulation of SR protein local-
ization during development. Proc. Natl. Acad. Sci. USA 98, 10184~
10189.

Straesser, K., and Hurt, E. (2000). Yrap1, a conserved nuclear RNA-
binding protein, interacts directly with Mex67p and is required for
mRNA export. EMBO J. 19, 410-420.

Straesser, K., and Hurt, E. (2001). Splicing factor Sub2p is required
for nuclear mRNA export through its interaction with Yra1lp. Nature
(Lond.) 413, 648-652.

Stutz, F., Bachi, A., Doerks, T., Braun, I.C., Seraphin, B., Wilm, M.,
Bork, P., and lzaurralde, E. (2000). REF, an evolutionary conserved
family of hnRNP-like proteins, interacts with TAP/Mex67p and par-
ticipates in mRNA nuclear export. RNA 6, 638-650.

Zhou, Z., Luo, M., Straesser, K., Katahira, J., Hurt, E., and Reed, R.
(2000). The protein Aly links pre-messenger-RNA splicing to nuclear
export in metazoans. Nature 407, 401-405.



