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Loading of export factors onto mRNAs is a key step in gene expression. In vertebrates, splicing plays a role
in this process. Specific protein complexes, exon junction complex and transcription/export complex, are
loaded onto mRNAs in a splicing-dependent manner, and adaptor proteins such as Aly/REF in the complexes
in turn recruit mRNA exporter TAP-p15 onto the RNA. By contrast, how export factors are recruited onto
intronless mRNAs is largely unknown. We previously showed that Aly/REF is preferentially associated with
intronless mRNAs in the nucleus. Here we show that Aly/REF could preferentially bind intronless mRNAs in
vitro and that this binding was stimulated by RNA helicase UAP56 in an ATP-dependent manner. Consistently,
an ATP binding-deficient UAP56 mutant specifically inhibited mRNA export in Xenopus oocytes. Interestingly,
ATP activated the RNA binding activity of UAP56 itself. ATP-bound UAPS56 therefore bound to both RNA and
Aly/REF, and as a result ATPase activity of UAP56 was cooperatively stimulated. These results are consistent
with a model in which ATP-bound UAP56 chaperones Aly/REF onto RNA, ATP is then hydrolyzed, and UAP56
dissociates from RNA for the next round of Aly/REF recruitment. Our finding provides a mechanistic insight

into how export factors are recruited onto mRNAs.

Eukaryotic cells are separated by the nuclear envelope into
two major compartments, the nucleus and the cytoplasm. This
compartmentalization requires transport through the nuclear
pore complexes, the channels for material exchange across the
nuclear envelope barrier (reviewed in reference 40). The vast
majority of RNA species, following their synthesis and process-
ing in the nucleus, are exported to the cytoplasm. Different
RNA species, such as tRNAs, U snRNAs, mRNAs, and
rRNAs, utilize distinct export pathways, i.e., distinct sets of
export factors (reviewed in reference 5). Accumulating evi-
dence shows that the pathway of RNA export can influence the
fate of a given RNA in the cytoplasm (5), indicating the bio-
logical importance of the choice of RNA export pathway. How-
ever, how export factors of each pathway are loaded onto the
corresponding RNA is largely unknown.

The major exporter for mRNAs is the TAP-p15 heterodimer
(10, 16, 33). TAP is one of the few non-importinf family
transport receptors known to date. Although TAP itself can
bind RNA, its recruitment to mRNAs requires adaptor pro-
teins. RNA binding adaptor proteins, including Aly/REF and
shuttling SR proteins, should first be recruited to mRNA, and
these adaptor proteins in turn recruit mRNA exporter TAP-
p15 heterodimer onto the RNA through protein-protein inter-
actions (12, 13, 31, 37, 39, 41).

In yeast (Saccharomyces cerevisiae), the recruitment of adap-
tor proteins is coupled to transcription. Aly/REF (Yral in
yeast) together with the DEXD-box RNA helicase UAP56
(Sub2 in yeast) interacts with the transcription elongation com-
plex (THO complex), forming a larger protein complex (1, 38).

* Corresponding author. Mailing address: Institute for Virus Re-
search, Kyoto University, Shogoin Kawahara-cho, Sakyo-ku, Kyoto
606-8507, Japan. Phone: 81-75-751-4018. Fax: 81-75-751-3992. E-mail:
hitoohno@yvirus.kyoto-u.ac.jp.

¥ Published ahead of print on 5 November 2007.

601

Owing to this complex formation, Aly/REF and UAP56 are
recruited onto the nascent mRNA transcript during transcrip-
tion elongation, and hence this larger protein complex is
termed TREX (transcription/export) complex (1, 38). In ver-
tebrates, however, splicing rather than transcription plays an
important role in loading these adaptor proteins onto RNA.
Aly/REF and UAP56 are loaded onto mRNAs in a splicing-
dependent manner as components of exon junction complex
and TREX complex (3, 17, 20, 25). Interaction between Aly/
REF and UAP56 plays an important role in this recruitment
(23, 36).

However, splicing is not essential for recruiting export fac-
tors onto mRNAs. mRNAs produced from genes without
introns (intronless mRNAs) are also exported efficiently. A
certain class of intronless mRNAs contains specific RNA ele-
ments, e.g., the intronless transport element in histone H2A
mRNA (14). Such RNA elements function as high-affinity
binding sites for specific RNA binding adaptor proteins (12,
13). Another class of intronless mRNAs, which apparently
does not contain such specific elements, still can recruit adap-
tor proteins such as Aly/REF. It is already well known that
Aly/REF interacts with mRNAs in a splicing-independent
manner, since Aly/REF plays a role in the export of intronless
mRNAs without specific elements (6, 18, 26, 29, 31). We pre-
viously showed that a stretch of unstructured RNA region of a
certain length (>300 nucleotides [nt]) can function as a splic-
ing-independent feature to recruit Aly/REF onto RNA (26).
Although the cap structure has recently been shown to be able
to recruit Aly/REF (3, 27), this structure is stimulatory only for
mRNA export. Thus, how Aly/REF is recruited to intronless
mRNAs is largely unknown. More specifically, the contribution
of other components, such as RNA helicase UAP56, in the
export of intronless mRNAs has not been explored.

In this study, we focused on the role of UAPS56 in the
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recruitment of Aly/REF onto intronless mRNAs and, based on
the results, proposed a model of how UAPS56 recruits Aly/REF
onto intronless mRNAs. Although UAPS56 has motifs of
DExD-box RNA helicases and an RNA-unwinding activity
(34), our findings suggest that UAP56 functions as an ATP-
dependent molecular chaperone for RNA-Aly/REF complex
formation rather than as an RNA helicase that unwinds RNA
secondary structures or displaces proteins from RNA (4).

MATERIALS AND METHODS

DNA constructs and recombinant proteins. The UAP56-GET (K95E) mutant
was constructed by PCR-based mutagenesis. UAP56-LAT (S228L) cDNA was a
gift from Elisa Izaurralde. DNA fragments for Flag-tagged UAP56 wild type and
mutants were PCR amplified from the corresponding cDNAs and cloned into
pGEX-6p. Aly/REF was also cloned in pGEX-6p. Glutathione S-transferase
(GST)-Flag-tagged UAP56 and GST-Aly/REF were expressed and purified with
glutathione beads by the standard procedure. When necessary, the expressed
GST fusion proteins were subsequently treated with PreScission protease (2
U/ul; GE Healthcare) to remove the GST sequence. Flag-UAP56 and Aly/REF
recombinant proteins were further purified by MonoQ and heparin-Sepharose
chromatography, respectively.

In vitro RNA binding assay. >’P-labeled in vitro-transcribed RNAs were mixed
with recombinant proteins in 12 mM HEPES-KOH (pH 7.9), 60 mM KCl, 1.6
mM MgCl,, 0.1 mM EDTA, 6% glycerol at 30°C for 15 min, and immunopre-
cipitation with anti-Aly/REF antibody (11GS5) (reference 17) or anti-Flag anti-
body (M2; Sigma) was performed as follows. Antibodies were individually bound
to Protein A-Sepharose beads (Amersham Biosciences) on a rotating platform at
4°C for 1 h. The above-described mixture of RNA and recombinant proteins was
incubated with the antibody-bound beads at 4°C for 1 h. After the beads were
washed 5 times with RSB100N buffer (10 mM Tris [pH 7.4], 100 mM NaCl, 2.5
mM MgCl,, 0.1% NP-40), they were incubated in HomoMix (50 mM Tris [pH
7.4], 5 mM EDTA, 1.5% sodium dodecyl sulfate [SDS], 300 mM NaCl, 1.5 mg/ml
proteinase K [Nakalai Tesque]) for 30 min at 50°C to elute RNA in the super-
natant. RNA was recovered from the supernatant by phenol-chloroform extrac-
tion and ethanol precipitation. The recovered RNA was analyzed by denaturing
polyacrylamide gel electrophoresis (PAGE). When HeLa nuclear extract (HNE)
was employed, HNE was added to the final concentration of 7.5% in the same
buffer and incubated at 30°C for 30 min, and immunoprecipitation was per-
formed.

ATP binding assay. Recombinant proteins (1 pg) and 3,000 Ci/mmol
[a-32P]ATP (1 pl, Amersham) were incubated in 12 mM HEPES-KOH (pH 7.9),
60 mM KClI, 1.6 mM MgCl,, 0.1 mM EDTA, 6% glycerol in a volume of 20 .l
at 30°C for 10 min. The reaction mixture was then placed on a piece of Parafilm
and irradiated with 254-nm UV light (Funa-UV-Linker FS-800; Funakoshi, To-
kyo, Japan) at a distance of ~5 cm for 10 min. The cross-linked protein was
analyzed by SDS-PAGE and autoradiography.

GST pull-down. GST or GST-Aly/REF (0.2 uM) was incubated with FLAG-
UAP56 (2 pM) in 12 mM HEPES-KOH (pH 7.9), 60 mM KClI, 1.6 mM MgCl,,
0.1 mM EDTA, 6% glycerol, and 0.5 mg/ml RNase A at 30°C for 15 min in the
presence or absence of 2 mM nucleotide. The mixture was then mixed with
glutathione beads at 4°C for 60 min, and bound material was recovered and
analyzed by Western blotting with anti-Flag antibody (M2).

ATPase assay. The ATPase assay of UAP56 was performed essentially as
described previously (19), except that the reaction was done in 12 mM HEPES-
KOH (pH 7.9), 60 mM KClI, 1.6 mM MgCl,, 0.1 mM EDTA, 6% glycerol at 30°C
for 60 min and terminated by adjusting the mixture to a final concentration of
0.75% SDS, 2.5 mM EDTA, 0.75 mg/ml proteinase K.

RNA microinjection and RNA immunoprecipitation. RNA microinjection into
Xenopus oocytes and RNA immunoprecipitation were performed as previously
described (26). Analysis and quantitation of RNA bands were performed with
BAS-2500 (Fujifilm) and Image Gauge version 3.45 (Fujifilm).

RESULTS AND DISCUSSION

Aly/REF can preferentially bind to mRNAs in a splicing-
independent manner, and its binding is stimulated by ATP in
HNE. We previously showed that Aly/REF is preferentially
associated with mRNAs in the nuclei of Xenopus oocytes (26,
29). Consistent with this, when a mixture of *?P-labeled in
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FIG. 1. Recruitment of Aly/REF onto intronless mRNAs. (A) A
mixture of **P-labeled in vitro-transcribed RNAs containing two in-
tronless mRNAs (DHFR and Ftz mRNAs), CTE, U1ASm, and U6Ass
snRNAs was injected into the nuclei of Xenopus oocytes. The nuclear
fraction was prepared after 1 h, and immunoprecipitation (IP) was
performed with anti-Aly/REF monoclonal antibody (anti-REF, 11GS5;
ImmuQuest) (17) or control antibody (anti-Myc, 9E10; Sigma). RNA
precipitated with each antibody was recovered and analyzed by dena-
turing PAGE and autoradiography. The input lanes contained 10% of
the input mixture. (B) The same **P-labeled RNA mixture as for panel
A, except that tRNAFP' was supplemented, was incubated in 7.5%
HNE, 12 mM HEPES-KOH (pH 7.9), 60 mM KCl, 1.6 mM MgCl,, 0.1
mM EDTA, 6% glycerol at 30°C for 30 min in the absence (—) or
presence (+) of 2 mM ATP. After the incubation, immunoprecipita-
tion was performed and the coprecipitated RNA was analyzed as
described for panel A.

vitro-transcribed RNAs containing two intronless mRNAs
(DHFR and Ftz mRNAs), CTE (constitutive transport ele-
ment) (reference 32, e.g.), and Ul and U6 snRNAs was in-
jected into the nuclei of Xenopus oocytes, the endogenous
Xenopus Aly/REF protein preferentially bound to the two in-
tronless mRNAs in the nucleus, as judged by immunoprecipi-
tation with a monoclonal anti-Aly/REF antibody (Fig. 1A).
To test if this is also the case in vitro, we next performed in
vitro RNA-protein binding assays. A *?P-labeled RNA mixture
similar to that used for Fig. 1A was incubated with HNE at
30°C for 30 min. After the incubation, the endogenous Aly/
REF protein in HNE was precipitated with a monoclonal anti-
Aly/REF antibody, and the coprecipitated RNA was analyzed
by denaturing PAGE (Fig. 1B). The endogenous Aly/REF
protein in HNE appeared to bind preferentially to intronless
mRNAs, although the binding was inefficient under this con-
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FIG. 2. Recruitment of Aly/REF onto RNA by UAP56. (A) The
same *?P-labeled RNA mixture as in Fig. 1A, except that CTE was omit-
ted but intronless B-globin mRNA and USASm RNA were supplemented,
was incubated with (+) or without (—) recombinant Aly/REF (10 nM)
and recombinant Flag-tagged UAP56 (10 nM), either wild type (+) or
GET mutant (GET, K95E), in either the absence (—) or presence (+) of
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dition, due to the limited amount of Aly/REF protein in the
limited amount of HNE used in the assay (Fig. 1B, lane 2).
Interestingly, this Aly/REF binding to intronless mRNAs was
stimulated by the presence of ATP (Fig. 1B, lanes 4 to 6). RNA
binding of purified recombinant Aly/REF protein alone, with-
out HNE, was not affected by the presence of ATP (data not
shown). These results suggested that the binding preference of
Aly/REF for mRNAs in vivo could be recapitulated in vitro at
least to some extent and that a factor(s) in HNE stimulated the
binding of Aly/REF to intronless mRNAs in an ATP-depen-
dent manner.

Loading of Aly/REF onto intronless mRNAs by UAP56 is
dependent on ATP but not ATP hydrolysis in vitro. Since it was
already shown that Aly/REF interacts with DExD-box RNA
helicase UAP56 (23, 36), a good candidate for the ATP-de-
pendent stimulatory factor in HNE was UAP56. To test this
possibility, we added recombinant Flag-tagged UAPS56 protein
in RNA binding experiments with recombinant Aly/REF (Fig.
2A). Note that HNE was not used in these experiments and
that the same *?P-labeled RNAs as in Fig. 1A were employed,
except that CTE was omitted but intronless B-globin mRNA
and USASm RNA were supplemented.

When recombinant Aly/REF (10 nM) alone was employed,
precipitation of the three intronless mRNAs was observed,
whereas precipitation of the three non-mRNAs was not ob-
served (Fig. 2A, lanes 4 and 5). This is more evident when a
higher amount of recombinant Aly/REF (50 nM) was em-
ployed (Fig. 2B), suggesting that the Aly/REF protein per se
may have an intrinsic property of binding preferentially to
mRNAs. Although the molecular mechanism underlying this
preferential binding of Aly/REF will be investigated in the
future studies, we did not pursue it further in this study.

When recombinant Flag-tagged UAP56 (10 nM) was added
in addition to Aly/REF (10 nM), the RNA binding of Aly/REF
was unaffected (Fig. 2A, compare lanes 4 and 5 with 7 and 8).
However, when the same amount of UAPS56 was supplied
together with ATP (2 mM), the RNA binding of Aly/REF was
dramatically stimulated, with the preference for binding to
mRNA:s still maintained (Fig. 2A, lanes 16 and 17). Note that
Flag-UAP56 also bound to mRNAs directly or indirectly, as
judged by the immunoprecipitation with anti-Flag antibody,
behaving similarly to Aly/REF (Fig. 2A, lane 18). Stimulation
was not observed when ADP was supplied instead of ATP

2 mM ADP, ATP, or ATP-yS at 30°C for 15 min. After the incubation,
immunoprecipitation was performed with anti-Aly/REF antibody
(anti-REF, 11G5; ImmuQuest) or anti-Flag antibody (M2; Sigma) and
the coprecipitated RNA was analyzed as described for Fig. 1. (B) The
same experiment as in panel A, lanes 1, 2, 4, and 5, except that a higher
concentration (50 nM) of Aly/REF was employed. (C) Recombinant
Flag-UAP56 (1 ng) and 3,000 Ci/mmol [a-**P]ATP (1 pl; Amersham)
were incubated in the absence or presence of increasing concentrations
of unlabeled ATP, ADP, ATP-yS, AMP-PNP, and AMP-PCP as com-
petitors and irradiated with UV light as described in Materials and
Methods. The cross-linked protein was analyzed by SDS-PAGE and
autoradiography. (D) A UV cross-linking experiment similar to that
shown in panel C was performed with wild-type UAP56 (UAP-WT),
UAP56 LAT mutant (UAP-LAT, S228L), or UAP56 GET mutant
(UAP-GET, KO95E), without nucleotide competitors, in the absence
(—) or presence (+) of yeast RNA (1 mg/ml; Sigma).
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(lanes 10 to 12). Interestingly, however, when ATP-vS, a slowly
hydrolyzing ATP analog, was supplied, similar stimulation was
observed (lanes 19 to 21). This was not due to contamination
of ATP in the ATP-vS preparation, since the enhancing effects
of ATP and ATP-yS were equally decreased at limited con-
centrations (data not shown). These results suggested that
UAP56 possessed an activity to stimulate RNA binding of
Aly/REF when it was bound to ATP and that ATP hydrolysis
was not critical for the activity under these experimental con-
ditions.

When *?P-labeled ATP was incubated with UAP56 and the
mixture was irradiated with UV light (254 nm), UAP56 was
cross-linked to ATP (Fig. 2C, lane 1) and the cross-linking was
abolished by competition with increasing amounts of unlabeled
ATP (Fig. 2C, lanes 2 to 4), confirming that UAP56 can bind
ATP. ADP and ATP-yS also competed with efficiency compa-
rable to that of ATP (Fig. 2C, lanes 5 to 10), indicating that
these two nucleotides can also bind UAP56. When AMP-PNP
and AMP-PCP were used as competitors in the same assay,
they hardly affected the ATP binding of UAP56 (Fig. 2C, lanes
11 to 16). These nonhydrolyzable ATP analogs bound UAP56
with affinities at least 10 times lower than that of ATP. Con-
sistent with this, the two ATP analogs could not activate
UAPS56 in the experiment, as in Fig. 2A (data not shown).

To further confirm that the ATP-bound form of UAP56 is
essential for the stimulation of RNA binding of Aly/REF, we
constructed several UAP56 mutants which may be defective in
ATP binding (4). When two candidate mutants, the UAP-LAT
(S228L in motif IIT) and UAP-GET (K95E in motif I) mutants,
were chosen and subjected to the ATP binding assay as in Fig.
2C, UAP-LAT was partially defective in ATP binding (Fig. 2D,
lanes 3 and 4), while UAP-GET was completely defective
(lanes 5 and 6). Although the addition of RNA stimulated the
ATP binding of wild-type UAP56 (lanes 1 and 2), ATP binding
of UAP-GET was not observed even in the presence of RNA
(lane 6). Consistent with this, the UAP-GET protein did not
have stimulatory activity for RNA binding of Aly/REF even in
the presence of ATP (Fig. 2A, lanes 13 to 15).

An ATP binding-deficient UAP56 mutant inhibits mRNA
export in Xenopus oocytes. Although UAP-GET was defective
in stimulation of RNA binding of Aly/REF, it bound to Aly/
REF with the same efficiency as wild-type UAP56 (see Fig. 4B,
lanes 6 and 12). Therefore, it was anticipated that UAP-GET
protein would exert a dominant negative effect on mRNA
export. This possibility was then tested in RNA microinjection
experiments with Xenopus oocytes.

32P-labeled in vitro-transcribed RNAs were microinjected
into the nuclei of Xenopus oocytes in either the absence or
presence of three different amounts of recombinant Flag-
UAP56 wild-type or GET mutant proteins (Fig. 3A; quantita-
tion is shown in Fig. 3B). As was already reported, the proper
amount of UAPS56 is critical for mRNA export in vivo (23).
Consistent with that report, excess wild-type UAP56 inhibited
the export of spliced Ftz mRNA in a dose-dependent manner,
whereas the same amount of protein hardly affected export of
Ul or tRNA (Fig. 3A, lanes 1 to 10; quantitation is shown in
Fig. 3B). Note that excess wild-type UAP56 also inhibited the
export of intronless Ftz mRNA. More importantly, UAP-GET
mutant protein also specifically inhibited both spliced and in-
tronless Ftz mRNAs more strongly than the wild-type protein.
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FIG. 3. Effect of UAP56 proteins on RNA export. (A) A **P-
labeled RNA mixture containing intronless Ftz mRNA (Ftz), U1ASm,
U6Ass RNAs, and tRNAP® (top) or *?P-labeled pre-Ftz RNA (bot-
tom) was microinjected into the nuclei of Xenopus oocytes with or
without three doses of either UAP56 wild-type (WT) or UAP56-GET
mutant (GET) proteins. RNA was extracted from nuclear (N) and
cytoplasmic (C) fractions immediately (lanes 1 and 2) or 3 h (lanes 3
to 16) after injection and analyzed by 8% denaturing PAGE followed
by autoradiography. (B) Quantitation of relative RNA export effi-
ciency shown in panel A.

The injection of higher doses of wild-type UAP56 or UAP-
GET mutant led to progressive export inhibition of UTASm
RNA (data not shown). These results indicated that the
UAP56 protein and its ATP binding are critical for export of
not only spliced mRNAs but also intronless mRNAs. It should
be pointed out that splicing of pre-Ftz was not affected by the
UAP56 proteins, although UAP56 was originally identified as
a splicing factor (7).

UAPS56 binds to RNA in an ATP-dependent manner. Previ-
ous work suggested that UAPS6 interacts with Aly/REF and
that this interaction was critical for loading Aly/REF onto
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FIG. 4. Interaction of UAP56 with RNA and Aly/REF. (A) The same
32P-labeled RNA mixture as in Fig. 2A but supplemented with tRNAP"™
was incubated with (+) or without (—) recombinant Flag-UAP56 (100
nM) in either the absence (—) or presence (+) of 2 mM ADP, ATP, or
ATP-yS at 30°C for 15 min. After the incubation, immunoprecipitation
was performed with anti-Flag antibody and the coprecipitated RNA was
analyzed as described for Fig. 1. (B) Recombinant Flag-UAP56 wild type
(WT) or GET mutant (GET) was incubated with GST alone (GST) or
GST-Aly/REF (GST-REF) in the presence of RNase A and in the ab-
sence or presence of 2 mM ATP, ADP, or ATP-yS, and GST pull-down
was performed as described in Materials and Methods. Flag-UAP56 pro-
teins were visualized by Western blotting with anti-Flag antibody (M2).

spliced mRNAs (23). However, how UAP56 assists the loading
of Aly/REF onto RNA, especially intronless mRNAs, has re-
mained largely unknown. We therefore next attempted to ob-
tain mechanistic insight into how UAP56 and its ATP binding

LOADING OF EXPORT FACTORS ONTO INTRONLESS mRNAs 605

A

AL AL

TerreeY

UAP56: 0 0.2 02 02 0.2 02 0.2 (uM)
RNA:0 0 02 1.0 50 0 0.2 (uM)
REF:0 0 0 0 0 02 02 (uM)

s,/ /]

3

Relative ATPase activity

;@ pull-down

S .

T GST GST-UAP GST-TAP

E - - /ﬁl - /m
REF [ —— e e e

12 3 45 6 7 8

FIG. 5. ATPase activity of UAP56. (A) ATPase activity of recom-
binant Flag-UAP56 was measured as described in Materials and Meth-
ods, with or without a 100-nt RNA derived from the B-globin mRNA
sequence and/or recombinant Aly/REF. Pi, released phosphate; ori,
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Averages and standard errors are shown. (C) **S-labeled Aly/REF
protein produced in the E. coli T7 S30 system (Promega) was incu-
bated with GST alone (GST; 300 pmol), GST-UAP56 (GST-UAP; 300
pmol), or GST-TAP231 (GST-TAP; 10 pmol) (12, 15) in the presence
of RNase A and in the absence (lanes 2, 3, and 6) or presence (lanes
4,5, 7, and 8) of recombinant TAP231 (10 and 100 pmol; lanes 4 and
5, respectively) or UAP56 (300 and 3,000 pmol; lanes 7 and 8, respec-
tively), and GST pull-down was performed as described for Fig. 4B.
¥S-labeled Aly/REF protein was visualized by fluorography.

assist the loading of Aly/REF onto RNA. One possibility was
that the ATP-bound form of UAP56 simultaneously binds Aly/
REF and RNA, thereby helping Aly/REF to bind to RNA. To
test this possibility, we first examined the RNA binding activity
of UAP56 itself in an RNA immunoprecipitation experiment
similar to that shown in Fig. 2A (Fig. 4A). UAP56 bound RNA
efficiently in the presence of ATP or ATP-yS but not at all in
the presence of ADP or in the absence of nucleotides (Fig.
4A). Note that the RNA binding specificity of UAP56 was
broader than that of Aly/REF (compare Fig. 4A with 2B).
UAPS56 bound efficiently to mRNAs and Ul, somewhat less
efficiently to US, and weakly to U6 and tRNA (Fig. 4A).

We also examined the effect of nucleotides on the protein-
protein interaction between UAP56 and Aly/REF. Recombi-
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FIG. 6. A model of export factor recruitment to intronless mRNAs. Note that for the sake of simplicity, this model shows Aly/REF as the only
adaptor protein to recruit TAP-p15, although this is not the case. See the text for details.

nant Flag-UAP56 protein was pulled down by recombinant
GST-Aly/REF protein in the absence or presence of different
nucleotides (Fig. 4B). The interaction of UAP56 with Aly/REF
was not affected by the presence of ADP, ATP, or ATP-yS
(lanes 2 to 5 and 8 to 11). UAP-GET mutant protein that was
defective in ATP binding also bound to Aly/REF with the same
efficiency as wild-type UAPS6. These results indicated that
ATP binding does not affect the protein-protein interaction
between UAPS56 and Aly/REF. Nevertheless, these results are
consistent with a scenario in which the ATP-bound form of
UAP56 simultaneously binds Aly/REF and RNA and assists
Aly/REF binding to RNA.

ATP hydrolysis by UAP56 is cooperatively stimulated by
RNA and Aly/REF. Although ATP hydrolysis was not critical
for the activity of Aly/REF loading onto RNA under our ex-
perimental conditions, it is likely that hydrolysis of ATP bound
to UAPS6 takes place in vivo. To obtain a clue regarding the
role of ATP hydrolysis on UAP56, we next examined the
ATPase activity of UAP56 in vitro. UAP56 possessed a basal
ATPase activity, and the activity was stimulated by increasing
amounts of RNA (100-nt RNA derived from B-globin mRNA)
(Fig. 5A and B) (references 34 and 35). However, when a small
amount (0.2 pM) of RNA was employed, the stimulation of
ATPase activity was hardly observed (1.1-fold) (Fig. SA and
B). When Aly/REF protein, which should bind to UAP56, was
supplied (0.2 wM), the stimulation was very modest (1.2-fold)
(Fig. 5A and B) (34). However, when both RNA (0.2 uM) and
Aly/REF (0.2 uwM) were supplied, the ATPase activity of
UAP56 was cooperatively enhanced (3.0-fold) (Fig. 5SA and B),
suggesting that ATP hydrolysis may take place when ATP-

bound UAP56 binds simultaneously to RNA and Aly/REF in
vivo (see discussion below).

Interaction of UAP56 with Aly/REF competes with interac-
tion of TAP-p15 with Aly/REF. In yeast, interaction of UAP56
with Aly/REF competes with interaction of TAP with Aly/REF
(36), and therefore UAP56 dissociation should be required for
TAP-p15 recruitment. To examine whether this is also the case
in higher eukaryotes, we next performed in vitro protein-pro-
tein interaction experiments with human proteins (Fig. 5C).
33S-labeled Aly/REF protein was efficiently pulled down by
recombinant GST-UAPS56 (lane 3) or GST-TAP231 (lane 6)
(references 12 and 15) but not by GST alone (lane 2). Since
35S-labeled Aly/REF protein was produced in an Escherichia
coli translation system, these interactions must be direct. When
the GST pull-down experiments were performed in the pres-
ence of increasing amounts of recombinant TAP231 or
UAPS56, these interactions decreased in a dose-dependent
manner (lanes 4, 5, 7, and 8). These results suggest that the
interaction of UAP56 with Aly/REF indeed competes with the
interaction of TAP with Aly/REF in the human system as is
the case with the yeast system.

Model of how UAP56 may recruit Aly/REF onto intronless
mRNAs. Based on the results obtained in this study, we pro-
pose a model of how UAP56 may recruit Aly/REF onto in-
tronless mRNAs (Fig. 6). Note that for the sake of simplicity,
this model shows Aly/REF as the only adaptor protein to
recruit TAP-p15, although this is not the case. ATP-bound
UAP56 recruits Aly/REF onto the RNA by binding simulta-
neously to Aly/REF and RNA. The activation of the RNA
binding activity of UAP56 by ATP (Fig. 4A) should be essen-
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tial for this recruitment. Although Aly/REF per se can bind
RNA, the heterodimeric complex of ATP-bound UAP56 and
Aly/REF should be able to bind RNA more efficiently. Prob-
ably the binding specificity of the heterodimer to RNA is not
restricted to mRNAs, given the results in Fig. 4A. When the
dimeric complex binds RNA, the ATPase activity of UAP56 is
activated (Fig. 5) and ATP hydrolysis may therefore take place.
Since ADP-bound UAP56 has no affinity for RNA (Fig. 4),
ATP hydrolysis should trigger the dissociation of UAP56 from
RNA, leaving Aly/REF behind on the RNA (Fig. 6). Under
our experimental conditions, we do not clearly observe disso-
ciation of UAP56 from RNA and Aly/REF (Fig. 2). Although
the ATPase activity of UAP56 is greatly stimulated by RNA
and Aly/REF (Fig. 5), it appears not to be strong enough to
quantitatively hydrolyze ATP for the quick release of UAP56
from RNA. However, this dissociation should take place in
vivo, since interaction of UAP56 with Aly/REF competes with
the interaction of TAP-p15 with Aly/REF (Fig. 5C), and there-
fore UAP56 dissociation should be required for TAP-p15 re-
cruitment. Another factor(s) that further stimulates the
ATPase activity of UAP56 should exist in vivo.

The dissociated UAP56 should be ATP loaded again for the
next round of Aly/REF loading onto RNA. This loading cycle
may repeat, and multiple Aly/REF proteins may be loaded
onto a single RNA molecule (Fig. 6). Since ATP-bound
UAP56 binds RNA with broad specificity (Fig. 4), Aly/REF
may first be loaded onto a wide range of RNA species by
UAP56. However, Aly/REF would remain only on mRNAs
and dissociate from other RNA species due to its preference
for binding to mRNAs. The molecular mechanism of this RNA
binding preference is not known. It is plausible to think that
other mRNA binding proteins may stabilize the association of
Aly/REF with mRNAs in vivo, but our result shown in Fig. 2
suggests that Aly/REF may have intrinsic activity to preferen-
tially bind to mRNAs. Although the mechanism of this pref-
erence needs to be investigated, it is possible that Aly/REF
proteins are stabilized on mRNAs by interacting with each
other on the RNA (Fig. 6) (31). Multiple copies of TAP-p15
may then be recruited, leading to efficient mRNA export to the
cytoplasm (Fig. 6). Thus, in this model, UAP56 functions as an
ATP-dependent molecular chaperone for RNA-Aly/REF com-
plex formation rather than as an RNA helicase, although
UAP56 has motifs of DExD-box RNA helicases and an RNA-
unwinding activity in vitro (34). Needless to say, our finding
does not exclude the possibility that UAP56 also functions as
an RNA helicase that unwinds RNA secondary structures or
displaces proteins from RNA (4). This mode of action is rem-
iniscent of the mechanism in which the ATP-bound clamp loader,
a AAA" ATPase, chaperones the sliding DNA clamp onto the
replicating DNA and ATP hydrolysis ejects the clamp loader
from the newly formed DNA-clamp complex (reviewed in ref-
erence 28). Probably more reminiscent is the function of the
SMN (survival motor neuron) complex, which chaperones
complex formation between U snRNAs and Sm proteins (2).
The fascinating common feature between the SMN-Sm and
UAP56-Aly/REF systems is that although both Sm and Aly/
REF proteins per se can specifically bind to U snRNAs and
mRNAs, respectively, they both require an energy-dependent
molecular chaperone for efficient recruitment onto RNA.

It should be pointed out that not only Aly/REF and UAP56
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but also the entire TREX and exon junction complexes are
recruited onto the mRNAs if they are produced through splic-
ing (21, 25). It will be interesting to examine whether other
components of these entire complexes are also recruited onto
intronless mRNAs in vivo. It should also be pointed out that
the ATPase activity of UAPS56 may be fully activated in the
context of the entire complexes. Finally, UAP56 is essential
for the export of most mRNAs, but this is not the case
with Aly/REF in Drosophila melanogaster and Caenorhabditis
elegans (8, 9, 11, 22, 24, 30). Therefore, UAP56 must have
additional functions beyond recruiting Aly/REF. Further ex-
periments will be required to elucidate the entire scenario of
recruitment of export factors onto mRNAs.
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