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The ribosomal translocase homologue Snul 14p 1s
involved in unwinding U4/U6 RNA during
activation of the spliceosome
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Snu114p is a yeast U5 snRNP protein homologous to the ribosomal
elongation factor EF-2. Snu114p exhibits the same domain
structure as EF-2, including the G-domain, but with an
additional N-terminal domain. To test whether Snu114p in the
splicecosome is involved in rearranging RNA secondary
structures (by analogy to EF-2 in the ribosome), we created
conditionally lethal mutants. Deletion of this N-terminal
domain (snu114AN) leads to a temperature-sensitive pheno-
type at 37°C and a pre-mRNA splicing defect in vivo. Heat
treatment of snu114AN extracts blocked splicing in vitro
before the first step. The snu114AN still associates with the
tri-snRNP, and the stability of this particle is not significantly
impaired by thermal inactivation. Heat treatment of snu114AN
extracts resulted in accumulation of arrested spliceosomes in
which the U4 RNA was not efficiently released, and we show
that U4 is still base paired with the U6 RNA. This suggests that
Snu114p is involved, directly or indirectly, in the U4/U6
unwinding, an essential step towards splicecosome activation.

INTRODUCTION

Splicing of mRNA precursors (pre-mRNA) proceeds via two
consecutive transesterification steps that are catalysed by the
spliceosome. The spliceosome is formed by the ordered inter-
action of the U1, U2, U5 and U4/U6 snRNPs (in which the U4
and U6 RNAs are base paired) and of several splicing factors
with the pre-mRNA (Burge et al., 1999). The splicing complex is
formed by the initial interaction of the UT snRNP with the 5’
splice site (ss), whereafter the U2 snRNP recognizes the branch
site to form the pre-spliceosome. Spliceosome assembly is
completed by the subsequent association of the U4/U6 and U5
snRNPs as an [U4/U6.U5] tri-snRNP complex. Activation of the

assembled spliceosome into a catalytically active machine
requires a dramatic reorganization of the components and
remains idle until a ‘switch is flipped’. Thus, during spliceosome
activation, base pairing between U4 and U6 is disrupted and a
new base-pairing interaction between U2 and U6 is formed
(reviewed in Nilsen, 1998). Concomitant with these events, base
pairing of U1 to the 5” ss is exchanged for base pairing between
U6 and the 5’ ss (Kandels-Lewis and Séraphin, 1993; Lesser and
Guthrie, 1993). After these rearrangements, UT and U4 snRNPs
are released from the spliceosome prior to catalysis. The
conserved loop 1 of U5 RNA contacts exonic sequences at the 5
and 3’ ss, while the splicing reaction proceeds (Sontheimer and
Steitz, 1993). The U5 snRNP plays a central role in both spliceo-
some assembly and splicing. Studies of the human 20S U5
snRNP have shed light on its composition and organization. It
contains, in addition to the seven common Sm proteins, several
particle-specific proteins (Will and Lithrmann, 2001).

The U4/U6 unwinding is an important step towards the activa-
tion of the spliceosome and likely depends on the function of a
large number of protein factors, several of which are associated
with the U5 snRNP. One such factor is Prp8p (in man 220K),
which has been shown to regulate the unwinding of U4 from U6
by way of protein—protein interactions (Kuhn et al., 1999).
Indeed, within the U5 snRNP, the human orthologue of Prp8p
forms a stable RNA-free complex with several U5 proteins.
These include the ATP-dependent RNA unwindase 200K/Brr2p,
which has been shown to unwind the base pairing between U4
and U6 in vitro, and the 116K/Snu114p, which is homologous
to the elongation factor EF-2, a GTPase that catalyses the
rearrangement of the ribosome during the translocation step
(Fabrizio et al., 1997; Achsel et al., 1998; Laggerbauer et al.,
1998; Raghunathan and Guthrie, 1998). In yeast, the sequential
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recognition of the 5" ss by U1 and subsequently by U6 has been
shown to be mediated by another ATP-dependent RNA helicase
associated with the U5 snRNP: the Prp28p (Staley and Guthrie,
1999; Chen et al., 2001; Stevens et al., 2001). This raises the
possibility that the sequence of multiple structural rearrange-
ments during spliceosome activation is facilitated by several
ATPases associated with the U5 snRNP.

We have identified Snu114p (a Saccharomyces cerevisiae
protein essential for splicing in vivo) and its human orthologue
116K as close homologues of the ribosomal elongation factor
EF-2 (Fabrizio et al., 1997). Aside from an N-terminal acidic
domain that is not present in EF-2, Snu114p/116K exhibits the
same domain structure as EF-2, including the G-domain. This
suggests that the two proteins may also share some functional
properties. Indeed, several amino acid substitutions in the P loop
of the GTP-binding domain of Snu114p are lethal, suggesting
that GTP binding and hydrolysis are important for its function.
To investigate whether Snu114p, as predicted by its homology to
EF-2, is involved in remodelling the spliceosomal RNP structure,
we generated conditionally lethal mutations. One such mutant
was obtained by deleting the N-terminal 128 amino acids
(snuT14AN). We show that this deletion leads to a temperature-
sensitive phenotype and an in vivo and in vitro splicing defect at
37°C. Interestingly, the thermal inactivation results in accumulation
of arrested spliceosomes in which U4 is still base paired with the
U6 RNA, indicating that Snu114p is involved in the dissociation
of the U4/U6 duplex.

RESULTS AND DISCUSSION

The N-terminal domain of Snul14p is
evolutionarily conserved and its deletion leads to a
temperature-sensitive phenotype

We have shown previously that Snu114p/116K exhibits the
same domain structure as EF-2, aside from an acidic N-terminal
domain not present in EF-2 (Fabrizio et al., 1997). A new data-
base search now identified several more proteins with this
conserved N-terminal domain followed by the overall domain
structure of EF-2. The N-terminal extension makes them a sepa-
rate group of orthologues, distinct from elongation factors.
Figure TA shows an alignment of ~125 amino acids of the
N-terminal domain of putative orthologues of Snu114p. This
domain is evolutionarily conserved between budding yeast
(Snu114p), man (U5-116K), nematodes, flies, plants and fission
yeast (23-32% identity and 45-51% similarity with Snu114p).
Three blocks of conserved amino acids, which are rich in hydro-
phobic residues, are observed and, with the exception of the first
block (5-23), are more clearly conserved among the other proteins
than in Snu114p. This evolutionary conservation suggests that this
domain is important for spliceosomal-specific functions.

To investigate whether Snul114p is involved in remodelling
RNA structures required for splicing, we searched for condition-
ally lethal mutants. The N-terminal domain deletion mutant
(snu114AN) was obtained by removing the first 128 amino acids
from wild-type Snu114p. As shown in Figure 1B, this deletion
results in a temperature-sensitive phenotype at 37°C. This indicates
that the N-terminal domain, as predicted by its evolutionary
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Fig. 1. The N-terminal domain of Snull4p is evolutionarily conserved.
(A) Alignment of ~125 amino acids of the N-terminal domains of potential
orthologues of Snull4p from S. cerevisiae and other proteins that display
sequence similarity. Lines above the sequences indicate evolutionarily
conserved hydrophobic blocks (the numbering follows the Snull4p
sequence). Identical residues are highlighted in black and similar residues in
grey. (B) Block diagram of the primary structure of Snul 14p. G1 to G5 are the
conserved motifs of the G-domain. Below the diagram, yeast cells carrying
the wild type (wt) and the temperature-sensitive deletion mutant snul 14AN
are shown after growth at 25 and 37°C, respectively.

conservation, has an important function so that cells lacking it
grow at 25°C but die at 37°C.

snul 14AN leads to a temperature-dependent
pre-mRNA splicing defect in vivo and in vitro

Next, we investigated whether the lethality at 37°C of cells
carrying snu114AN was due to a splicing defect. The involve-
ment of snu114AN in pre-mRNA splicing in vivo was studied
using primer extension analysis of U3 transcripts isolated from
snu114AN and wild-type cells grown at the permissive and non-
permissive temperatures (Figure 2A). Indeed, the snul14AN
temperature-sensitive deletion leads to a splicing defect that is
seen in vivo after the strain has been incubated at the non-
permissive temperature for 2 or 4 h (lanes 2 and 3). Unspliced
U3A and U3B precursors accumulate, as can also be seen with
the well-characterized prp5-1 mutant used as a control (lane 6).
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Fig. 2. Deletion of the N-terminal domain (snul 14AN) leads to a splicing defect
in vivo and in vitro. (A) Total RNA was extracted from snul14AN as well as
wild-type (wt) cells grown at 25°C (lanes 1 and 7) and after the switch to 37°C
for 2 h (lane 2 and 8) and 4 h (lanes 3 and 9). Primer extension was performed
to measure the levels of unspliced pre-U3A/U3B transcripts. (B) In vitro splicing
reactions were performed at 25°C using snul 14AN and prp5-1 extracts
inactivated at 35°C for the time indicated above each lane. Splicing activity
complementation was obtained by mixing equal volumes of the two heat-
inactivated extracts prior to the splicing reaction (lanes 6 and 7). The identity
of the P-labeled RNA species is indicated (from top to bottom): intron-
lariat-exon 2 intermediate, excised lariat-intron, pre-mRNA, mature mRNA
and cleaved exon 1 intermediate.

With the wild-type strain, no accumulation of unspliced U3A
and U3B precursors was seen at either 25 or 37°C (lanes 7-9).

To investigate whether snu114AN leads to a splicing defect
in vitro, we prepared splicing extracts from the corresponding
strain and analysed splicing activity in vitro before and after
thermal inactivation (Figure 2B). We inactivated splicing extracts
at 35°C in the presence of high KPO,, prior to the addition of the
pre-mRNA, and withdrew aliquots of the reaction mixture at the
times indicated in Figure 2B. Splicing was performed by adding
the actin pre-mRNA and incubating the reaction for 25 min at
25°C. After treatment at the non-permissive temperature, the
system with snu114AN showed a significant decrease of splicing
prior to the first step (lanes 2 and 3). To determine whether this
inhibition can be ascribed to the specific inactivation of
snu114AN, we tested whether splicing activity could be restored
by complementing two heat-inactivated extracts from the two
mutants of Figure 2A. The complementation efficiently reversed
the splicing defect (Figure 2B, lanes 6 and 7). We conclude that
the splicing defect in vitro is due to the inactivation of snu114AN
(and/or to the weak interactions resulting from this inactivation)
but not unspecific random inactivation of other factors.

A splicing defect was also observed by incubating the
splicing reaction, including the pre-mRNA, directly at 30°C.
The temperature-induced splicing defect obtained with these
conditions was removed by cooling to 25°C (data not shown).

Tri-snRINP particles are present in snul 14AN
extracts heat inactivated in vitro

Snul14p is associated with U5 and [U4/U6.U5] snRNP particles
(Fabrizio et al.,, 1997; Gottschalk et al., 1999; Stevens and
Abelson, 1999). To understand whether the splicing defect
observed with snu114AN extracts is due to loss of the mutant

Snull4p is involved in unwinding U4/U6 RNA

protein from tri-snRNP particles and/or insufficient levels of
properly formed tri-snRNP, we investigated wild-type and
mutant tri-snRNPs by immunoprecipitation and glycerol
gradient centrifugation. The immunoprecipitation revealed that
snu114AN, although lacking ~130 amino acids, associates with
the tri-snRNP particle (data not shown). Glycerol gradient
centrifugation verified that, even after heat treatment (35°C),
plenty of tri-snRNP particles were present in the mutant extract
(~50-80%, when compared with the wild type) (Figure 3).
However, either before or after inactivation, the levels of the U5
snRNP declined to a certain extent. A U5 snRNP with a reduced
sedimentation velocity (~10-12S) appears in the mutant, the
majority being approximately in fractions 6-11 instead of
fractions 8-13. This indicates that snu114AN may lead to a
reduced stability of the U5 snRNP complex, so that some of its
associated factors are less stably associated in the mutant. This
implies that the N-terminus of Snu114p may be required to
connect Snul14p with other proteins within the U5. It appears
that the amount of U4/U6 snRNPs increases concomitantly,
especially after heat treatment. This may be due to partial
dissociation of the tri-snRNP particles or to a weaker association
of U5 with U4/U6 snRNPs. Whether this effect also appears
in vivo is not known. However, since the tri-snRNP build up, we
can hypothesize that in vivo, at least at the permissive temperature,
plenty of U5 snRNP is available to form a functional tri-snRNP
particle. In conclusion, the splicing defect seen in vitro must be
due to the inhibition of a subsequent step.

Snul14p participates in spliceosome activation

To investigate whether tri-snRNP particles carrying snu114AN
are integrated into mature spliceosomes, we used an affinity-
purification technique. The extract was first heat inactivated at
35°C; afterwards, biotinylated pre-mRNA was added and the
mixture was incubated at 25°C under splicing conditions for the
time indicated (Figure 4A). Splicing reactions were performed
using either wild-type (lanes 1-5) or snu114AN (lanes 6-10)
extracts. Splicing complexes associated with the biotinylated
pre-mRNA were subsequently isolated using streptavidin beads,
and their RNA moieties were analysed by northern blot analysis.
Figure 4A (lanes 1 and 6) shows parallel reactions using
non-biotinylated substrates. At the earliest time point (1.5 min),
tri-snRNP particles join the pre-spliceosome, here represented
by the U1 and U2 RNAs (lanes 2 and 7). In the wild-type extract,
the spliceosome is activated for catalysis after binding of the
tri-snRNP particle. The activation sign is the characteristic
unwinding and release of U4 RNA from the yeast spliceosomal
complex prior to the first pre-mRNA cleavage-ligation step. This
release is reflected in the time-dependent decrease in the yield
of spliceosomal U4 RNA relative to U5 and U6 RNAs
(Figure 4A, lanes 2-5). Furthermore, the U1/5” ss interaction is
disrupted and the U1 snRNP is less stably bound to the spliceo-
some. Consistently, the level of the UT RNA decreases between
25 and 65 min (lane 4 and 5) (see Supplementary data available
at EMBO reports Online for a lighter exposure). Quantifying the
U4 and U6 RNA bands by phosphorimager analysis showed that
the U4/U6 signal ratio decreased approximately from 0.9 after
1.5 min to 0.4 after 65 min of incubation (see Figure 4B for a
graphical representation of the U4 RNA release).

EMBO reports vol. 3 | no. 92002 877
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Fig. 3. Tri-snRNP particles are present in snul14AN extracts heat inactivated
in vitro. Wild-type (wt) and snul14AN extracts were treated at 25 or 35°C for
35 min and then sedimented on a 10-30% glycerol gradient. Fractions were
analysed for RNA contents by northern blotting.

The pattern of tri-snRNP addition to pre-spliceosomes in the
mutant snul14AN was similar to that seen in the splicing-
competent wild-type extract (Figure 4A, lane 7), with one
striking distinction. With snu114AN, the U4 RNA is no longer
efficiently released from the spliceosome and a time-dependent
increase in both U4 and U1 RNAs is seen. The U4/U6 ratio
increases from 0.83 after 1.5 min (Figure 4B and A, lane 7) to 1.1
after 65 min (Figure 4B and A, lane 10). These results suggest
that Snu114p is required for mediating the dissociation of the U4
RNA and the concomitant release of UT RNA, which are crucial
rearrangements towards spliceosome activation.

U4 RNA remains bound to U6 RNA in snul 14AN
heat-inactivated spliceosomes

The observed retention of U4 RNA within the snu114AN spliceo-
some at elevated temperatures may be due to an insufficient
unwinding of the U4/U6 RNA duplex or, alternatively, to hyper-
stabilization of U4 RNA within the spliceosome after its
unwinding from U6 RNA. To distinguish between these two
possibilities, wild-type and snu114AN spliceosomes were
assembled in the presence of biotinylated pre-mRNA at the
non-permissive temperature (30°C). Using these conditions, an
in vitro splicing defect was also observed (data not shown).
Aliquots were removed at the indicated time points and spliceo-
somes affinity purified as described above. Spliceosomal RNAs
were isolated and fractionated on an SDS gel under conditions
that resolve the U4/U6 RNA hybrid from free U4 and U6 RNAs.
RNAs were analysed by hybridizing a northern blot with U4- and
U6-specific probes (Figure 5). In the wild type, the U4/U6
duplex can be clearly observed after 1.5 min of incubation
(Figure 5, lane 4). However, after only 25 min, the amount of
U4/U6 duplex decreases, suggesting that U4 has been unwound
from U6 RNA and released (Figure 5A, lane 5). This is consistent
with the data presented for the wild-type strain in Figure 4A. In
contrast, heat-inactivated snul14AN spliceosomes retain a
paired U4/U6 duplex even after 75 min of incubation (Figure 5,
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Fig. 4. Snul14p participates in spliceosome activation. (A) Extracts were heat
inactivated for 25 min at 35°C, and then biotinylated pre-mRNA was added
and incubated at 25°C under splicing conditions for the time indicated (splice
time). Splicing reactions were performed using either wild-type (wt; lanes 1-5)
or snul14AN (lanes 6-10) extracts. Splicing complexes were isolated using
streptavidin beads, and their RNA content was analysed by northern blotting.
Lanes 1 and 6 are control reactions using non-biotinylated substrates. The
arrow points to the U4 RNA accumulating in the snul I14AN mutant. (B) Plot
of the U4 RNA release in the wild-type (wt) and snul14AN spliceosomes. The
U4 and U6 RNAs bands were quantified by phosphorimager analysis and the
U4/U6 ratio was plotted. The graph was obtained from five independent
experiments.

lane 9). This indicates that the decreased dissociation of U4 RNA
from the spliceosome (Figure 4A, lane 10) is mainly due to a
reduced unwinding of U4 from U6 RNA. This suggests that the
thermosensitivity of the snu114AN mutant is possibly due to an
aberrant conformation at 30-35°C that affects the interaction
with other factors involved in U4/U6 unwinding. As a conse-
quence, spliceosomes retain a paired U4/U6 duplex. The
N-terminal domain may be required to stabilize these protein—
protein interactions at high temperatures.

In addition to the putative U4/U6 helicase Brr2p, four protein
splicing factors have previously been implicated in U4 RNA
release during spliceosome activation: the U4/U6 snRNP protein
Prp4p (Ayadi et al., 1997), the non-snRNP protein Prp19p (Tarn
et al., 1993), the tri-snRNP protein Prp38p and the U5 snRNP
protein Prp8p (Xie et al., 1998; Kuhn et al., 1999). The splicing
arrest due to the loss of Prp38p function and to the mutant
U4-cs1 (suppressed by prp8-201) has been characterized in part
for what concern these proteins involvement in the U4/U6
unwinding. The effect of snu114AN in the U4/U6 rearrangement
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Fig. 5. U4 RNA remains bound to U6 RNA in snul 14AN heat-inactivated
spliceosomes. Wild-type (wt; lanes 4-6) and snull4AN (lanes 7-9)
spliceosomes were assembled at non-permissive temperature (30°C) using a
biotinylated actin pre-mRNA and were affinity purified on streptavidin beads.
Spliceosomal RNAs were fractionated on an SDS gel. RNAs were analysed
by northern blotting after probing the membrane with U4 (A) and U6 (B) probes.
Lane 3 is a control reaction using non-biotinylated substrate. The U4/U6
duplex (lane 1) was obtained after phenol—chloroform extraction at 4°C of the
reaction shown in lane 6, before affinity purification. In lane 2, the U4/U6
duplex was dissociated by heating the sample for 5 min at 95°C. (The free
U6 RNA is only weakly visible.)

seems to be similar. Inactivation of either Prp38p or U4-cs1 results
in the accumulation of arrested spliceosomes in which U4 RNA
is still paired with U6 RNA (Xie et al., 1998; Kuhn et al., 1999).
A link between Snu114p, Prp8p and the putative U4/U6 helicase
Brr2p is indicated by several lines of evidence. The most direct
of these is the strong RNA-free protein—protein interaction that has
been detected in the human system between the 220K/Prp8p,
the 200K/Brr2p and the 116K/Snu114p after dissociation from
the U5 snRNP in high-salt buffer (Achsel et al., 1998). In yeast,
cross-linking studies have shown that Snu114p is in contact with
the U5 RNA 5" internal loop 1 and is therefore in very close
proximity to Prp8p, which also cross-links to this loop (Dix et al.,
1998). Recently, an interaction between Prp8p and Brr2p was
also detected by the yeast two-hybrid system (van Nues and
Beggs, 2001). When bound at the 5" ss, Prp8p may sequentially
coordinate and recruit not only Brr2p but also at least one
additional protein that catalyses rearrangements required for
spliceosome activation: the 100K/Prp28p. In addition, Prp8p is
the predominant interacting factor of Snu114p in two-hybrid
screens (Fromont-Racine et al., 1997; Dix et al., 1998), and
biochemical analyses demonstrated that the 220K protein binds
strongly and directly to the 116K protein (Achsel et al., 1998). It
is possible, therefore, that the G protein Snu114p is a pivotal
factor that acts downstream to promote the function of Prp8p
and the Brr2p/200K RNA unwindase in this intricate network of
factors involved in spliceosome activation. Since deletion of the
N-terminal region of Snu114p led to the temperature-sensitive
phenotype, this further suggests that this part of Snu114p may be
a critical element for the communication between Snu114p and
other U5 proteins required for spliceosome activation. Future
work will be aimed at defining the details of the reaction that
Snu114p catalyses in concert with other factors and whether
binding and hydrolysis of GTP by Snul14p are required for
spliceosome activation.

Snull4p is involved in unwinding U4/U6 RNA

METHODS

Splicing, affinity purification and glycerol gradients. YPF36
cells (see Supplementary data) were grown at 25°C, and splicing
extracts were prepared. For thermal inactivation in vitro, we
used two protocols; these gave similar results. In protocol I, the
extracts were incubated in high KPO, (120 mM) at 35°C prior to
the splicing reaction for the times indicated in Figure 2B, or else
they were incubated for 35 min at 35°C (Figures 3 and 4A).
Subsequently, the splicing reactions were performed for 25 min
at 25°C under standard splicing conditions. In the experiment
shown in Figure 5, heat inactivation was performed by incubating
the splicing reaction (protocol II) at 30°C instead of 25°C. In vitro
splicing reactions, affinity purification of spliceosomes, glycerol
gradients and primer extensions were performed as described
previously (Gottschalk et al., 1999). For U4/U6 duplex analysis,
a phenol-chloroform extraction was performed at 4°C. The
duplex formation was analysed at 4°C on an 11% SDS gel,
which was followed by northern blot analysis.

Supplementary data. Supplementary data are available at EMBO
reports Online.
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