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promote U1 snRNP recruitment to 5" splice sites
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The U1 small nuclear ribonucleoprotein (Ul snRNP)
binds to the pre-mRNA 5’ splice site (ss) at early
stages of spliceosome assembly. Recruitment of Ul to
a class of weak 5" ss is promoted by binding of the
protein TIA-1 to uridine-rich sequences immediately
downstream from the 5" ss. Here we describe a mol-
ecular dissection of the activities of TIA-1. RNA rec-
ognition motifs (RRMs) 2 and 3 are necessary and
sufficient for binding to the pre-mRNA. The non-
consensus RRM1 and the C-terminal glutamine-rich
(Q) domain are required for association with Ul
snRNP and to facilitate its recruitment to 5 ss. Co-
precipitation experiments revealed a specific and dir-
ect interaction involving the N-terminal region of the
Ul protein Ul-C and the Q-rich domain of TIA-1, an
interaction enhanced by RRM1. The results argue
that binding of TIA-1 in the vicinity of a 5" ss helps to
stabilize Ul snRNP recruitment, at least in part, via a
direct interaction with U1-C, thus providing one mol-
ecular mechanism for the function of this splicing
regulator.
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Introduction

The excision of introns from mRNA precursors is
important to generate translatable mRNAs in higher
eukaryotes. The process is often regulated to generate
alternatively spliced transcripts able to encode distinct
proteins (Hastings and Krainer, 2001; Will and Lithrmann,
2001; Modrek and Lee, 2002). The chemical process of
intron removal occurs within the spliceosome, a complex
of >100 polypeptides and five uridine-rich small nuclear
ribonucleoproteins (U snRNPs) assembled on the pre-
mRNA (Nilsen, 2002; Zhou and Reed, 2002).

U1 snRNP recognizes the 5’ splice site (ss) and is among
the first factors to interact with the pre-mRNA to form
complexes (complex E in mammalian extracts) that
commit the pre-mRNA to the splicing pathway (Ruby
and Abelson, 1988; Séraphin and Rosbash 1989; Michaud
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and Reed, 1991, 1993). Human U1 snRNP is composed of
a 165 nucleotide RNA (U1 snRNA), seven different Sm
proteins common to other snRNPs and three Ul-specific
polypeptides: U1-70K, Ul-A and Ul1-C (Lithrmann et al.,
1990). The sequence of the 5° end of Ul snRNA is
complementary to the 5 ss region (Rinke et al., 1984), and
stem—loops I and II are bound directly by U1-70K and
Ul-A, respectively. A uridine-rich motif, the Sm site, is
bound by the Sm proteins, most probably forming a ring-
like structure around the Sm site (Hamm et al., 1987,
Patton and Pederson 1988; Scherly er al., 1989, 1990;
Lutz-Freyermuth et al., 1990; Kambach et al., 1999).
U1-C does not interact directly with naked Ul snRNA, but
depends on other Ul protein components for association
with the snRNP. Interactions have been detected between
the N-terminal 45 amino acids of U1-C, which include a
zinc finger-like motif, and U1-70K, as well as with the Sm
proteins B’/B (Nelissen ef al., 1994). This region of U1-C
has been shown to stimulate formation or stabilization of
complex E (Will et al., 1996). In contrast, reconstituted
snRNPs lacking Ul-A, or lacking the binding sites for
Ul-A or Ul-70K, can support splicing and complex E
formation (Will et al., 1996). These results indicate that
Ul-C plays an important role in Ul snRNP function.
Recent results indicate that U1-C recognizes the sequence
of the 5" ss, and argue that this RNA—protein recognition
precedes base pairing with Ul snRNA (Du and Rosbash,
2002).

Comprehensive biochemical and mass spectrometric
analysis of the composition of yeast Ul snRNP revealed
the association of four polypeptides not observed in
purified preparations of human Ul (Gottschalk et al.,
1998). One of these, the protein Nam8p, interacts with
sequences downstream from the 5" ss and modulates Ul
snRNP binding (Puig et al., 1999). A human homolog of
Nam8p, the protein TIA-1, has been shown to bind to
uridine-rich sequences downstream from 5’ ss and pro-
mote Ul snRNP binding (Del Gatto et al., 2000; Forch
et al., 2000; Le Guiner et al., 2001b).

TIA-1 is composed of three RNA recognition motifs
(RRMs) and a C-terminal Q-rich domain (Figure 1A)
(Tian et al., 1991). Here we identify domains of TIA-1
required for pre-mRNA recognition, association with Ul
snRNP and recruitment of Ul snRNP to 5" ss. We report
that the U1-C protein interacts directly with TIA-1 and,
based on the results of functional domain analysis, we
propose that this interaction is important for the recruit-
ment of Ul snRNP by TIA-1.

Results

TIA-1 was reported to cross-link to uridine-rich regions
downstream of 5" ss of Drosophila msl-2 and the human
Fas receptor pre-mRNAs (Forch et al., 2000). To identify
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domains of TIA-1 required for pre-mRNA recognition,
mobility shift assays were carried out using a battery of
domain deletion mutants (Figure 1A) and in vitro tran-
scribed RNAs containing the msl-2 5’ ss region. Binding of
individual RRM domains was only detectable with RRM2
(Figure 1B, lanes 18-20). A proteinincluding RRMs 2 and 3
bound the RNA with essentially the same affinity as the full-
length protein (compare lanes 2—4 with 12—14, apparent Kp,
3 X 1078 M), while a construct composed of RRMs 1 and 2
displayed the same affinity as RRM2 alone (compare
lanes 8-10 with 18-20, apparent Kp 3 X 107 M). The
presence of the C-terminal Q-rich domain did not increase
RNA binding (compare lanes 2—4 with 5-7), although it
caused some retention of the complexes at the origin of the
gel. Taken together, the binding data argue that pre-mRNA
recognition is achieved by RRMs 2 and 3, which is
consistent with previous results indicating that these
domains can select uridine-rich sequences from a random
pool of RNAs (Dember et al., 1996).

U1 snRNP recruitment
Next, the activity of TIA-1 deletion mutants in promoting
the recruitment of Ul snRNP to the msl-2 5 ss region was
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Fig. 1. Binding of TIA-1 and deletion mutants to the msl-2 5’ ss region.
(A) Domain structure of TIA-1 and mutant derivatives. Schematic rep-
resentation of the domains present in the different recombinant
proteins. RRMs and the Q-rich domain are indicated. (B) Mobility shift
assays. 32P-Labeled 5" half msl-2 RNA was incubated with the indicated
recombinant purified proteins at final concentrations of 10-%, 10~7 and
10° M, and the complexes resolved by native polyacrylamide gel elec-
trophoresis. The positions of bound and unbound RNAs are indicated.

Mechanism of U1 recruitment by TIA-1

analyzed. This was monitored using psoralen-mediated
cross-linking, which allows the detection of base-pairing
interactions between the 5” end of Ul snRNA and the 5’ ss
of msl-2 (Wassarman and Steitz, 1992; Forch et al., 2000).
Figure 2 shows that the presence of TIA-1 resulted in a
significant increase in cross-linking of purified Ul snRNP
to msl-2 5" ss (compare lane 2 with 3). Neither the
individual RRMs nor a protein containing RRMs 2 and 3
promoted cross-linking of Ul to msl-2 5" ss (lanes 6-9).
Importantly, a protein containing the three RRMs of TIA-1
significantly increased Ul cross-linking (lane 4), suggest-
ing that the presence of RRMI1 facilitates Ul snRNP
recruitment (compare lane 4 with 6). Consistent with this,
the presence of RRM1 in the RRM1-RRM2 fusion protein
also provided some recruiting activity compared with
RRM2 alone (compare lane 5 with 8). Finally, the activity
of a protein containing the three RRM domains was lower
than that of the full-length protein, arguing that the
C-terminal Q-rich domain of TIA-1 contributes to Ul
snRNP recruitment (compare lane 3 with 4). Similar
results were obtained when cross-linking was analyzed in
nuclear extracts instead of in assays using purified Ul
snRNP (data not shown).

Taken together, the results of Figures 1 and 2 argue that
RRMs 2 and 3 are important for pre-mRNA recognition,
and that both RRM1 and the Q-rich domain contribute to
the recruitment of Ul snRNP to the msi-2 5" ss region.

TIA-1-U1 snRNP interaction

TIA-1 could promote Ul snRNP recruitment by estab-
lishing interactions with components of the snRNP. TIA-1,
however, was not detected in purified preparations of Ul
snRNP (Bringmann and Liihrmann, 1986), suggesting that
if such interactions exist, they are not as strong as those of
stable components of the particle. To probe for relatively
weak interactions between Ul snRNP and TIA-1, Ul
snRNP was immunoprecipitated from HeLa nuclear
extracts using an antibody against the Ul-specific protein

U1 snRNP - + + + o+ + + o+ +
GST protein - - TIA-1 RRMRAM RRAM RRMRRM RRM
123 12 23 1 2 3

UisnRNAS
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Fig. 2. Activity of TIA-1 derivatives in Ul snRNP recruitment.
Psoralen-mediated cross-linking was carried out using 3?P-labeled msl-2
5" half RNA, 200 pg of purified Ul snRNP and 500 ng of GST-TIA-1
or deletion mutants, as indicated. After irradiation with 365 nm UV
light, RNAs were purified and fractionated on polyacrylamide denatur-
ing gels and the gels autoradiographed. The positions of free msl-2
5" half RNA, an internal cross-link of this RNA and Ul snRNA-msl-2
adducts are indicated.
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Fig. 3. Association between TIA-1 and Ul snRNP. (A) Immuno-
precipitates of Ul snRNP contain TIA-1. Immunoprecipitates (P) of Ul
snRNP present in HeLa cell nuclear extracts (NE) using anti-Ul-A or
control antibodies were analyzed by western blot for the presence of
TIA-1 and U2AF®. Aliquots (10%) of the supernatants (S) were also
analyzed in parallel. The positions of TIA-1, U2AF% and molecular
weight markers are indicated. (B) Immunoprecipitation of TIA-1 co-
precipitates Ul-A, but not U2-B”. Anti-TIA-1 antibodies were used to
immunoprecipitate Ul snRNP from NE or NE digested by RNase A
prior to incubation. The presence of UIA and U2B” in the pellets was
analyzed by western blot using an antibody that recognizes both Ul-A
and U2-B”. Aliquots (5%) of the supernatants (SUP) were also ana-
lyzed in parallel. The positions of the Ul-A and U2-B” proteins and
molecular weight markers are indicated. (C) U1-70K is co-precipitated
by TIA-1 antibodies. The experiment was performed as in (B) using
Ul1-70K antibodies for western blot. (D) Ul-C co-precipitates with
TIA-1 in the presence or absence of treatment of the NE with RNase A.
The assay was performed as described in (B) using anti-U1-C anti-
bodies for western blot.
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Ul-A (Kambach and Mattaj, 1992), and the presence of
TIA-1 in the precipitates was analyzed by western blot. As
a control, the presence of the splicing factor U2AF% was
also tested. Low levels of TIA-1, but not of U2AF%, were
detected reproducibly in precipitates of the snRNP, but not
in precipitates using a control antibody (Figure 3A,
compare lane 3 with 4). TIA-1 was also detectable in
immunoprecipitates using antibodies against the other two
Ul-specific polypeptides, Ul-70K and UI-C (see
Supplementary data, available at The EMBO Journal
Online).

To validate further the association of TIA-1 with Ul
snRNP, TIA-1 was immunoprecipitated with specific
antibodies and the presence of Ul snRNP-specific proteins
in the precipitates analyzed by western blot. Figure 3B and
C shows that Ul-A and U1-70K were detected in TIA-1
precipitates (compare lane 2 with 4). In contrast, the U2
snRNP-specific protein U2-B”, which is recognized by the
same antibody used to detect U1-A, was not detected in the
precipitates, arguing that the association of TIA-1 with Ul
snRNP is specific.

Both Ul-A and U1-70K were absent when the extracts
were treated with RNase A prior to immunoprecipitation
(Figure 3B and C, compare lanes 1-4 with 5-8), suggest-
ing that TIA-1 does not contact these proteins directly, and
therefore that their presence in TIA-1 precipitates is most
likely an indirect consequence of precipitation of intact Ul
snRNP. Significantly, however, Ul-C was detectable in
TIA-1 immunoprecipitates in both the presence and the
absence of RNase A treatment (Figure 3D), suggesting that
the TIA-1-U1-C association is not dependent upon the
integrity of the Ul particle.

To document these observations further, we tested
whether recombinant TIA-1 added to extracts also asso-
ciates with Ul snRNP. GST-TIA-1 or a GST fusion
containing the three RRM domains of U2AF% [U(RRM)]
were added to nuclear extracts and their association with
Ul snRNP analyzed by probing for the presence of GST
fusion proteins in immunoprecipitates of Ul-A. Full-
length U2AF% was not used as a control in these
experiments because the positively charged RS domain
present at the N-terminus of the protein associates non-
specifically with ribonucleoprotein complexes (data not
shown). While GST-TIA-1 was detected in Ul precipi-
tates, the control protein GST-U(RRM) was not
(Figure 4A, compare lane 2 with 4). Association of
GST-TIA-1 with Ul snRNP was also observed in extracts
in which the 5" end of U1 snRNA was degraded efficiently
by RNase H in the presence of a complementary DNA
oligo (lane 6), suggesting that the interaction was not a
consequence of Ul assembly on pre-mRNAs present in the
extract. Consistent with this idea, the levels of GST-TIA-1
in the precipitates were not increased by addition to the
reaction of pre-mRNAs containing TIA-1-binding sites
(data not shown).

Reciprocal experiments were also consistent with a
specific association between TIA-1 and Ul snRNP:
GST-TIA-1 incubated with nuclear extracts was precipi-
tated using glutathione—agarose beads, and the presence
of Ul snRNP components in the precipitate analyzed.
Western blot analysis using the antibody that recognizes
both Ul-A and the U2-specific protein U2-B” indicated
that Ul-A was detected in GST-TIA-1 precipitates, while



U2-B” was barely detectable (Figure 4B, lane 4), consist-
ent with the results of immunoprecipitation using TIA-1
antibodies (Figure 3B). Precipitation of the GST-U(RRM)

A
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Mechanism of U1 recruitment by TIA-1

fusion protein did not result in precipitation of either
Ul-A or U2-B” (lane 2). Primer extension analysis
indicated that Ul snRNA, but not U2 snRNA, was
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Fig. 4. Recombinant TIA-1 associates with Ul snRNP. (A) Co-precipitation of GST-TIA-1 with Ul snRNP is independent of the integrity of the
5" end of Ul snRNA. Anti-Ul-A antibodies were used to immunoprecipitate Ul snRNP from HeLa nuclear extracts (NE) or from extracts in which
the 5" end of Ul snRNA was degraded using RNase H (NE Ul k.o.), in the presence of GST-TIA-1 or GST-U(RRM). The presence of recombinant
proteins in the pellets was analyzed by western blot using anti-GST antibodies. Aliquots (5%) of the supernatants (SUP) were also analyzed in parallel.
The positions of the GST fusion proteins and molecular weight markers are indicated. (B) Precipitation of Ul snRNP by GST-TIA-1. GST pull-down
assays were carried out after addition of GST-TIA-1 or a control GST-U(RRM) protein to nuclear extracts, and the pellets analyzed by western blot
using an antibody that recognizes U1-A and U2-B”. Aliquots (5%) of the supernatants (SUP) were analyzed in parallel. The positions of Ul-A, U2-B”
and molecular weight markers are indicated. (C) Precipitation of Ul snRNA by GST-TIA-1. GST pull-down assays were carried out after addition of
GST-TIA-1 or a control GST-U(RRM) protein to nuclear extracts, and RNAs present in the pellets were analyzed by primer extension using oligo-
nucleotides specific for Ul or U2 snRNAs. Aliquots (5%) of the supernatants (SUP) of the precipitations were also analyzed in parallel. The positions
of the products of primer extension corresponding to Ul and U2 snRNAs are indicated. (D) RNase A-dependent interaction with Sm proteins from
purified Ul snRNP. GST pull-down assays were carried out after incubation of GST-TIA-1 [or GST-U(RRM) as a control] with purified Ul snRNP.
The presence of Sm proteins in the precipitates (position indicated by an arrow) was analyzed by western blot using Y12 antibodies. Treatment of the
extracts with RNase A prior to the pull-down assays is indicated. (E) RNase A-dependent interaction with Ul-A in nuclear extracts. Assays were per-
formed as in (D) and the blots developed with anti-U1-A antibodies. (F) RNase A-dependent interaction with Ul-A from purified Ul snRNP. Assays
were performed as in (E) using purified Ul snRNP instead of nuclear extract. (G) RNase A-independent interaction with U1-C in nuclear extracts.
Assays were carried out as in (D) and the blots developed with antibodies against U1-C. (H) RNase A-independent interaction with U1-C from purified
Ul snRNP. Assays were performed as in (G) using using purified Ul snRNP instead of nuclear extract.

6885



P.Forch et al.

enriched in GST-TIA-1 precipitates compared with
GST-U(RRM) control precipitates (Figure 4C, compare
lanes 1 and 2 with lanes 5 and 6). We conclude that
recombinant TTIA-1 establishes specific interactions with
Ul snRNP components but not with other snRNPs such
as U2.

The GST pull-down assay was also used to confirm the
results of co-immunoprecipitation experiments regarding
the nature of these interactions. Pull-down assays were
carried out as described above, and the presence of
different protein components of Ul snRNP in the precipi-
tates analyzed by western blot. Once again, to distinguish
between direct interactions and those detected as an
indirect consequence of precipitation of the snRNP, the
assays were carried out with and without treatment of the
nuclear extracts with RNase A prior to the precipitation.
To assess whether the interactions observed involved
bridging factors between TIA-1 and Ul snRNP, both Ul
from nuclear extracts and purified snRNP particles were
tested in co-precipitation assays.

Sm proteins and U1A were precipitated by GST-TIA-1
in the absence of RNase A treatment, using both nuclear
extracts and purified snRNP particles (Figure 4D-F, lanes 3
and 4; Supplementary data). Sm and Ul-A proteins were
absent, however, from the precipitates upon RNase A
digestion (Figures 4D-F, lanes 7 and 8). These results
argue that interactions between TIA-1 and Sm or Ul-A
take place in the context of Ul snRNP, but are not direct,
as they depend upon the integrity of Ul snRNA. For
reasons presently unclear, the protein Ul-70K was
undetectable in GST-TIA-1 precipitates, even in the
absence or RNase A (see Supplementary data and
Discussion).

In contrast, U1-C was present in GST-TIA-1 precipi-
tates, even with RNase A treatment (Figure 4G and H,
lanes 1 and 2, and 5 and 6), once more confirming that the
association of TIA-1 and Ul-C is likely to be based on
direct protein—protein interactions.

Finally, the GST pull-down assay was also used to
identify the domains of TIA-1 involved in interaction with
Ul snRNP. GST fusions of various TIA-1 deletion
mutants were added to nuclear extracts, and co-precipita-
tion of Ul snRNP was measured by western blot using
antibodies against Ul-A. The results of Figure SA and B

A

GST protein  U(RRM) TIA-1 TIA-1 TIA-1 TIA-1 TIA-1 TiA-1
3+Q 123 12 23 1

indicate that only full-length TIA-1 protein was able to
precipitate detectable amounts of Ul snRNP.

Direct interaction between TIA-1 and U1-C

To test whether TIA-1 contacts U1-C directly, 33S-labeled
Ul-C was produced by in vitro translation in rabbit
reticulocyte extracts, incubated with GST-TIA-1 and,
after precipitation using glutathione—agarose beads,
the presence of Ul-C in the precipitates assessed by
fractionation in SDS denaturing gels and autoradiography.
U1-C was found to co-precipitate with TIA-1 (Figure 6A,
lanes 1 and 2) but only marginally with the GST-U(RRM)
control (lanes 3 and 4). The same result was obtained when
the extracts were digested with RNase A after completion
of in vitro translation (lanes 5 and 6, and 7 and 8).

As a second test for direct interactions between TIA-1
and Ul-C, pull-down assays were carried out using
recombinant Ul-C expressed in and purified from
Escherichia coli. Consistent with the results obtained
using in vitro translated protein, recombinant purified
Ul1-C was co-precipitated with GST-TIA-1, but not with
the control GST-U(RRM) (Figure 6B, compare lanes 1
and 2, and 3 and 4). Taken together, the results of
Figure 6A and B argue for a direct protein—protein
interaction between TIA-1 and U1-C.

Next we determined the domains of TIA-1 necessary for
interaction with U1-C. Pull-down assays using individual
domains and deletion mutants of TIA-1 indicated that
the Q-rich domain was required for co-precipitation of
recombinant purified Ul-C, as no individual RRM or
RRM combination was sufficient (Figure 6C). The Q-rich
domain alone was found to be sufficient for interaction
with U1-C (Figure 6D, lanes 5 and 6). Although RRM1 by
itself had no capacity to co-precipitate U1-C (Figure 6C,
lanes 13 and 14), and only marginally when combined
with RRMs 2 and 3 (lanes 7-8), a fusion protein between
RRMI1 and the Q-rich domain showed enhanced inter-
action with U1-C compared with that of the Q-rich domain
alone (Figure 6D, compare lanes 5 and 6 with 7 and 8). The
effect of RRM1 was highly reproducible, was more
evident at higher concentrations of protein (Figure 6E)
and was not observed when other RRM motifs were fused
to the Q-rich domain (Figure 6D, lanes 3 and 4).

TIA-1
3

SUP/jpellet S P S P S P S P S P S P S PS P S P
GSTprotein__3+Q  _1+Q Q
e SUP/pellet S P S P S P
4 49 kDA —
it X il - UlA 37 kDt =—
1 2 3 4 56 78 9 1011 12 13 1415 16 17 18 1 2 3 468 &

Fig. 5. Functional domain analysis of the TIA-1-Ul snRNP association. (A) The integrity of TIA-1 is required for association with Ul snRNP.
Recombinant GST-TIA-1 and deletion mutants were added to nuclear extracts, and the products of precipitation (P) with glutathione—agarose beads
analyzed for the presence of Ul-A by western blot. Aliquots of the supernatants (S) were analyzed in parallel. The positions of Ul-A and molecular
weight markers are indicated. (B) The Q-rich domain is not sufficient for association with Ul snRNP. The experiment was carried out as in (A) using
GST fusions corresponding to the Q-rich domain alone or combinations of Q and individual RRMs, as indicated.
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Fig. 6. Direct interaction between TIA-1 and Ul-C. (A) Interaction between GST-TIA-1 and in vitro translated Ul-C. Assays were carried out as in
Figure 5, using 3°S-labeled U1-C translated in vitro instead of nuclear extracts or purified Ul snRNP. (B) Recombinant purified U1-C interacts with
GST-TIA-1. The assay was carried out as in (A) using recombinant purified histidine-tagged U1-C instead of in vitro translated protein. The presence
of Ul-C (His-U1-C) in the precipitates was analyzed by western blot. (C) Functional domain analysis of TIA-1-U1-C interaction. Pull-down assays
were carried out with RNase A treatment as in (A), using the GST fusion proteins indicated. (D) The presence of RRMI1 enhances interaction with
UI-C. Assays were as in (C) using the indicated recombinant purified proteins. (E) Quantification of the enhancement effect of RRM1 in U1-C inter-
action. The ratio between the amounts of U1-C precipitated by the RRM1 + Q and Q proteins is represented against the concentration of proteins used

in the assay. Averages and standard deviations are indicated.

We conclude that the Q-rich domain of TIA-1, particu-
larly when combined with the RRM1 domain, contributes
to the interaction with UI-C. As these domains were also
important for association with Ul snRNP, and for its
recruitment to 5" ss regions, the results are consistent with
the hypothesis that interaction with U1-C is important for
the activity of TIA-1 in Ul snRNP recruitment.

To define the region of Ul-C that interacts with
TIA-1, in vitro translated U1-C and mutant derivatives
(kindly provided by G.Pruijn and W.van Venrooij)
(Figure 7A) were tested in pull-down assays using
GST-TIA-1, GST-Q and GST-RRMI1-Q, with similar
results (Figure 7B; data not shown). Deletion of the 30 or
47 N-terminal residues of U1-C significantly compromised
interaction with TIA-1 (compare lanes 3 and 4 with lanes 7
and 8, and 9 and 10). As deletion of the seven N-terminal
residues did not affect binding (lanes 5 and 6), we con-
clude that amino acids between positions 7 and 47 are import-

ant for interaction with TIA-1. Interestingly, this region
includes the zinc finger motif and homodimerization
domain of U1-C. Point mutations predicted to disrupt the
zinc finger motif or known to prevent homodimerization,
however, did not significantly compromise interaction
with TIA-1 (lanes 11-24).

Although technical difficulties in expressing C-terminal
deletions of U1-C prevent us from being able to conclude
that the contact surface is restricted to residues 747, we
propose that these residues are important, directly or
indirectly, for interaction with TIA-1, and that this
interaction does not depend on the structure of the zinc
finger or homodimerization domains of U1-C.

Discussion

Recent work has shown that the yeast protein Nam8p is a
component of Ul snRNP that cross-links to a region of the
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A association with:
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UIC wt ] + + 4+
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UG 47-159 47 1 - . .
uIC CES [ p————————————| 1 + + +
uicces = = ] + + o+
UG RK21/22GS | —— | e | 1 + + +
U1C H230 | m—— e ] + + o+
UiC C258 —=———1 1 + + +
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U1C H30Q [ e T 1+ + +
B
GST TIA-1 RRM1+Q - + + + + + + * * + +
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63 kDa__ i
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15 kDa— - —

-
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910 11 1213 141516 171819 20 122 234

Fig. 7. Interaction with TIA-1 involves the N-terminal region of Ul-C, but does not require the zinc finger structure or dimerization domains.
(A) Schematic representation of deletion and point mutants of human U1-C. Amino acid numbers are indicated. Vertical black bars represent point
mutations in the zinc finger or dimerization domains. The first letter corresponds to the mutated residue, the number to its position in the sequence and
the second letter to the amino acid change. The white box represents the proline and methionine-rich C-terminal domain of U1-C. Co-precipitation
with full-length (FL), glutamine-rich (Q) or glutamine-rich and RRM1 (1 + Q) domains of TIA-1 is indicated by +, — or —/+. (B) Interaction of
GST-TIA-1 (RRM1 + Q) with Ul-C and mutant derivatives. Assays were performed as in Figure 6A using the U1-C derivatives indicated in (A).
Products of in vitro translation were treated with RNase A before pull-down assays were carried out.

pre-mRNA downstream from the 5° ss, modulates Ul
snRNP binding depending on the sequence present in that
region and facilitates Ul snRNP assembly on weak 5’ ss or
uncapped substrates (Gottschalk et al., 1998; Puig et al.,
1999; Zhang and Rosbash, 1999). These activities resem-
ble those of TIA-1 in the mammalian system (Del Gatto
et al., 2000; Forch et al., 2000; Le Guiner et al., 2001b)
and, together with the significant amino acid sequence
homology between Nam8p and TIA-1, suggest that the
two proteins are functional homologs. A difference
between the two systems, however, is that only a limited
fraction of the Ul snRNP pool in HeLa nuclear extracts is
associated with TIA-1 (Figure 3A), while Nam8p is a
stable component of yeast Ul. This could be due to
relatively weak interactions between TIA-1 and Ul when
not assembled on a 5’ ss region. It is conceivable that a less
tight association between TIA-1 and Ul snRNP serves to
make their mutual stabilizing interactions on 5’ ss more
sensitive to regulation, for example by independent
modulation of the levels or activity of TIA-1.
Alternatively, TIA-1 may associate with a subpopulation
of Ul snRNP.

The observation that Ul-70K was not detectable in
precipitates of pull-down experiments using GST-TIA-1,
which contained all other Ul components (see
Supplementary data), opens up the possibility that Ul
snRNP particles devoid of U1-70K can be recruited to
certain 5 ss by TIA-1. Interestingly, both TIA-1 and
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Ul1-70K can interact with the N-terminal region of U1-C
(Nelissen et al., 1994; Figure 7). It cannot be ruled out,
however, that U1-70K was not lost during the GST-TIA-1
pull-down procedure, which would be more consistent
with the observation that TIA-1 can be found in precipi-
tates of U1-70K and vice versa (Figure 3C; Supplementary
data).

Several splicing regulators have been shown to modu-
late Ul snRNP binding to 5" ss. This is in agreement with
the idea that regulation often occurs at the earliest steps in
spliceosome assembly that commit pre-mRNAs to the
splicing pathway. Thus, the Drosophila regulator Sex-
lethal has been shown to bind to uridine-rich sequences
downstream from the 5° ss of an intron at the 5'-
untranslated region of msl-2 and prevent Ul snRNP
binding by antagonizing TIA-1 activity (Forch et al.,
2001).

The SR protein ASF/SF2 promotes Ul snRNP binding
and modulates 5" ss choice, most probably by equalizing
differences in Ul binding affinity (Kohtz et al., 1994;
Eperon et al., 2000). Protein—protein interactions between
the arginine- and serine- (RS) rich domain of ASF/SF2 and
a similar domain in Ul-70K have been shown to be
important for this activity (Wu and Maniatis, 1993; Kohtz
et al., 1994; Cao and Garcia-Blanco, 1998).

The Drosophila splicing regulator PSI is important for
restriction of P element transposition to the germline. PSI
protein is expressed only in the soma, where it is required
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Fig. 8. A mechanism for TIA-1-mediated recruitment of Ul snRNP to
weak 5" ss followed by uridine-rich sequences. TIA-1 RRMs 2 and 3
recognize the uridine (U)-rich stretch, while the Q-rich domain contacts
the Ul-specific protein UI-C. U1-C may recognize the 5" ss sequence
(in this case represented by the non-consensus GUAAUU sequence
found in msl-2 RNA) even before base-pairing interactions with Ul
snRNA are established (Du and Rosbash, 2002). Thus, the U1-C-TIA-1
interaction can facilitate cooperative binding of the two proteins to
their adjacent sites in the pre-mRNA and thereby Ul snRNP recruit-
ment. RRM1 is important for TIA-1 activity and enhances the inter-
action of the Q-rich domain with U1-C. Additional activities of RRM1
are likely to contribute to Ul snRNP recruitment. The box represents
the exon preceding the 5” ss and the thin line indicates intronic
sequences downstream from the TIA-1-binding site.

for splicing inhibition of P element third intron (Siebel
et al., 1994, 1995; Adams et al., 1997). PSI is part of a
repressive complex that sequesters Ul snRNP at a cryptic,
non-productive 5" ss upstream from the bona fide 5" ss
(Siebel et al., 1992). PSI has been shown to bind directly to
U1-70K, and this interaction is important for the regula-
tory function of PSI (Labourier et al., 2001). The region of
PSI that contacts U1-70K has similarities to a sequence
within KSRP, a protein that has been involved in
alternative splicing of c-src exon N (Min et al., 1997). It
is therefore possible that interaction with U1-70K is also at
the basis of the regulatory activity of KSRP (Labourier
et al., 2001).

The results of Figures 3—7 point to Ul-C as one Ul
snRNP component involved in direct protein—protein
interactions with TIA-1. Ul-C has been shown to be
required for spliceosome assembly in yeast (Tang et al.,
1997) and mammals (Heinrichs et al., 1990; Will et al.,
1996). The protein can be cross-linked to the 5" ss region
and is responsible for the first recognition event of the 5" ss
sequence, most probably preceding and/or facilitating base
pairing of Ul snRNA with the 5" ss (Tang et al., 1997;
Zhang and Rosbash, 1999; Du and Rosbash, 2002). As
TIA-1 binds to the uridine-rich stretch immediately
downstream from the 5° ss (Forch er al., 2000), it is
conceivable that the TIA-1-U1-C interaction can stabilize
the association of both proteins (and consequently of Ul
snRNP) with their adjacent binding sites (Figure 8). Cryo-
electron microscopy studies (Stark et al., 2001) could be
instrumental in validating or modifying this model.

Interestingly, several other proteins have been shown to
contact U1-C and be implicated in splicing regulation. The
gene EWS encodes a transcription factor, and its trans-
location is often associated with progression of a variety of
tumors. Translocation of the EWS locus to the gene
encoding another transcription factor, FLI, or that encod-
ing the nuclear receptor NOR1 gives rise to fusion proteins
that have been shown to have, in addition to abnormal
properties as transcriptional activators, the ability to alter
5" ss selection (Knoop and Baker, 2000, 2001; Ohkura

Mechanism of U1 recruitment by TIA-1

et al., 2002). Interestingly, both EWS/FLI and EWS/
NORI interact with U1-C and, remarkably, EWS/NOR1
expression can complement loss-of-function mutants of
snu23p, a component of yeast spliceosomes (Gottschalk
et al., 1998; Knoop and Baker, 2000; Ohkura et al., 2002).
These observations open up the possibility that the
regulatory activities of these proteins are based on direct
contacts with U1-C, as for TIA-1.

The interaction of TIA-1 with U1-C requires a region of
the protein that includes the cystidine/histidine zinc finger-
like motif (Nelissen et al., 1991), which is essential for
interaction with Ul snRNP (Nelissen ef al., 1994) and also
for homodimerization (Gunnewiek et al., 1995). The fact
that mutations that disrupt these structural elements do not
compromise TIA-1 binding (Figure 7B) argue that distinct
surfaces mediate Ul snRNP attachment and TIA-1
binding.

Both RRM1 and the Q-rich domain contribute to U1-C
binding, association with Ul snRNP and snRNP recruit-
ment to 5 ss (Figures 2, 4 and 6). While Q-rich domains
have often been involved in protein—protein interactions
(McBride and Silver, 2001), the RRM fold is a character-
istic RNA-binding module (Varani and Nagai, 1998).
RRM1, however, does not contribute to binding to the pre-
mRNA, as expected from the presence of negatively
charged residues within a conserved octamer motif
involved in direct contacts with RNA (Varani and Nagai,
1998). Protein—protein interactions mediated by RRM
domains, however, have also been reported previously
(Scherly et al., 1990; Kielkopf et al., 2001).

While RRM1 was essential for association of TIA-1
with Ul snRNP (Figure 4), and contributes significantly to
U1 snRNP recruitment, even in the absence of the Q-rich
domain (Figure 2), it failed to show by itself detectable
binding to Ul-C (Figure 6C). It promoted, however,
binding to Ul-C in the presence of the Q-rich domain
(Figure 6E). It is possible that the U1-C-binding activity of
RRMI1 will be maximal only in the context of the complete
protein, or upon recognition of the pre-mRNA by RRMs 2
and 3. Alternatively, RRM1 could contribute to Ul snRNP
recruitment through other mechanisms in addition to
facilitating contacts with U1-C (Figure 8). Finally, it is
also possible that quantitative differences between activ-
ities for the various domain mutants are due to inherent
differences in the stringency or detection levels of the
assays used. In this context, it is worth noting that Ul
snRNP binding involves multiple RNA-RNA, protein—
RNA and protein—protein interactions, and that even the
well-established base-pairing interactions between the
5" end of Ul snRNA and the 5" ss can be dispensable
under certain experimental conditions (Du and Rosbash,
2001, 2002; Lund and Kjems, 2002).

Previous work has shown that TIA-1 modulates alter-
native splicing of the fibroblast growth factor (FGF)
receptor 2 (Del Gatto et al., 2000). TIA-1 promotes
inclusion of the K-SAM exon by binding downstream
from the 5’ ss associated with the exon. The mechanism of
TIA-1 function on this pre-mRNA can therefore be
assimilated easily with that in msl-2: higher levels of
TIA-1 activity will promote Ul snRNP assembly on
exon K-SAM 5’ ss and therefore K-SAM exon inclusion.
Additional cis-acting elements contribute to fine tuning
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of this splicing event (Del Gatto et al., 1997; Le Guiner
et al., 2001a).

In summary, our results provide one molecular mech-
anism for how TIA-1 can promote Ul snRNP recruitment
to 5” ss by portraying a direct interaction between TIA-1
and U1-C as an important component of these effects.

Materials and methods

RNAs and recombinant proteins

In vitro transcription of msl-2 was as described (Gebauer et al., 1998;
Forch et al., 2000). GST fusion proteins were expressed in and purified
from E.coli as previously described (Forch et al., 2000). TIA-1 deletion
mutants include: RRM1 (amino acids 1-92); RRMI + 2 (amino
acids 1-196); RRMI1 + 2 + 3 (amino acids 1-273); RRM2 (amino
acids 93-196); RRM2 + 3 (amino acids 93-273); RRM3 (amino
acids 197-273); RRM3 + Q (amino acids 186-375, also known as
T4T8); Q (amino acids 274-375); and RRMI + Q (amino
acids 1-92 + 274-375). These constructs were described previously
(Dember et al., 1996), with the exception of Q and RRM1 + Q, which
were generated by PCR, cloned in pGEX2T and confirmed by
sequencing. GST-U(RRM) corresponds to GST-U2AF® lacking the
N-terminal 93 amino acids (Valcarcel er al., 1996). Recombinant
histidine-tagged UIC was prepared as described previously
(Gunnewiek et al., 1995). Templates for in vitro translation of U1-C
were described previously (Nelissen et al., 1991; Gunnewiek et al., 1995).
Deletion and point mutants of U1-C were U1-C 7-[amino acids 7-159];
U1-C 30-[amino acids 30-159]; U1-C 47-[amino acids 47-159]; C6S,
substitution of cysteine at position 6 by serine; C9S, substitution of
cysteine at position 9 by serine; RK21/22GS, substitution of arginine and
lysine at positions 21 and 22 by glycine and serine, respectively; H24Q,
substitution of histidine at position 24 by glutamine; C25S, substitution of
cysteine at position 25 by serine; RK28/29GS, substitution of arginine
and lysine at positions 28 and 29 by glycine and serine, respectively; and
H30Q, substitution of histidine at position 30 by glutamine. 3°S-Labeled
U1-C and derivatives were generated in rat reticulocyte lysates using the
T7 Quick transcription/translation system (Promega) according to the
manufacturer’s instructions.

Nuclear extracts and purification of U1 snRNP

Nuclear extract was prepared as described previously by Dignam et al.
(1983). Purification of Ul snRNP and purity criteria were as described
previously by Lewis et al. (1996).

RNase H-mediated inactivation of U1 snRNP

Inactivation of Ul snRNA in HeLa nuclear extracts by RNase H in the
presence of a DNA oligonucleotide complementary to the 5" end of Ul
snRNA was performed as described previously (Merendino et al., 1999).

RNA binding assays

A 2 fmol concentration of uniformly 32P-labeled msl-2 5’ half RNAs was
incubated with 1079, 107 or 108 M GST-TIA-1 or deletion mutants in a
total volume of 15 pl of buffer D with 0.1 M KCl (Dignam et al., 1983) in
the presence of tRNA (200 ng/ul) for 30 min on ice. After incubation, the
samples were fractionated by electrophoresis on non-denaturing 6%
polyacrylamide gels (acrylamide:bis-acrylamide ratio 60:1), dried and
exposed to film.

Psoralen-mediated UV cross-linking

Radioactively labeled RNA (10 fmol) was incubated with 1 ul (200 ng/pl)
of partially purified Ul snRNP in the presence of 13 pg/ml
4’ aminomethyl-4,5",8-trimethylpsoralen, in the absence or presence of
500 ng of recombinant GST-TIA-1 or mutant derivatives in a total
volume of 15 pl on ice. The samples were irradiated for 10 min with
365 nm UV light in a Stratalinker oven at 0°C. RNA was purified by
digestion with proteinase K, phenol/chloroform extraction and ethanol
precipitation, and analyzed by electrophoresis on a 6% denaturing
polyacrylamide gel. As previously described (Forch et al., 2000), daylight
was avoided in psoralen cross-linking experiments using ms/-2 RNA.

Immunoprecipitation

Anti-UIA antibodies (856; Kambach and Mattaj, 1992), anti-TIA-1
(anti-2G9; Anderson et al., 1990), anti-U170k (16H3; Neugebauer et al.,
1995) and anti-UIC (Dumortier er al., 1998) were bound to
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protein A—Sepharose beads and incubated in 15 pl of nuclear extracts
complemented with buffer D to a total volume of 25 pul for 30 min on ice.
After addition of 60 ul of IPP 150 buffer (10 mM Tris pH 8.0, 150 mM
NaCl, 0.1% NP-40), the reaction was incubated for 2 h on a rotating wheel
at 4°C. An 8 pl aliquot per sample was removed as loading control, and
the beads were sedimented at 1000 r.p.m. and washed four times with
ice-cold IPP 150. Loading control and pellet were fractionated by
electrophoresis on a 10% SDS—polyacrylamide gel, blotted onto a
nitrocellulose membrane (Schleicher & Schuell) and probed with
antibodies against TIA-1 (anti-2G9; Anderson er al., 1990), U2AF®
(MC3; Gama-Carvalho et al., 1997), GST (B14; Santa Cruz), anti U1A/
U2B” (9A9; Habets et al., 1989), anti-U1-70k (16H3) and anti-U1-C.
Anti-mouse or anti-rabbit antibodies coupled to horseradish peroxidase
(HRP) were used as secondary reagents, and visualized by chemo-
luminescence (ECL, Amersham).

GST pull-down and western blot analyses

A 2 ug aliquot of recombinant GST-TIA-1 or mutant derivatives was
incubated with 15 pl of nuclear extract, 3 ul of in vitro translated U1-C in
RNase A-treated reticulocyte lysates, 2 pg of recombinant U1-C or 3 ug
of purified Ul snRNP in a total volume of 25 ul, complemented with
buffer D (20 mM HEPES pH 8.0, 20% glycerol, 0.2 mM EDTA, 100 mM
KCl), for 30 min at 0°C. After addition of 60 pul of IPP 150 and 10 ul of
glutatione—agarose beads (Sigma) pre-equilibrated in the same buffer, the
reaction was incubated for 2 h on a rotating wheel at 4°C. A 4 ul aliquot of
the reaction was removed for loading control and the pellet was washed
four times with 400 pl of ice-cold IPP 150 buffer. After sedimentation by
centrifugation at 1000 r.p.m. for 1 min, the pellet was resuspended in SDS
loading buffer, fractionated together with the aliquot of supernatant by
electrophoresis on a 10-15% SDS—polyacrylamide gel and transferred
onto nitrocellulose (Schleicher & Schuell). The blots were probed with
anti-TIA-1, anti-UlA, anti-UIA/U2B”, anti-U1-70k, anti-U1C
(Dumortier et al., 1998; Hoet et al., 1998), anti-Sm (Y12; Pisetsky and
Lerner, 1982) or anti-GST antibodies. HRP-conjugated anti-mouse or
anti-rabbit antibodies were used as secondary reagents, and visualized by
enhanced chemoluminescence (ECL; Amersham).

Primer extension

GST pull-down assays were scaled up 2-fold and carried out as in the
previous section. RNA was isolated from an aliquot from supernatant and
pellet by digestion with proteinase K, phenol/chloroform extraction and
precipitation with ethanol. Primer extension was carried out using 5" end
32P_labeled antisense U1 snRNA- or U2 snRNA-specific oligonucleotides
and AMYV reverse transcriptase (Promega) for 1 h at 42°C. The products
of primer extension were analyzed on a 10% denaturing acrylamide gel,
dried and exposed to film.

Supplementary data
Supplementary data available at The EMBO Journal Online.
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