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Base pairing with U6atac snRNA is required for
5’ splice site activation of U12-dependent
introns in vivo

ROBERT INCORVAIA and RICHARD A. PADGETT

Department of Molecular Biology, The Lerner Research Institute, The Cleveland Clinic Foundation,
Cleveland, Ohio 44195, USA

ABSTRACT

The minor U12-dependent class of eukaryotic nuclear pre-mRNA introns is spliced by a distinct spliceosomal mech-

anism that requires the function of U11, U12, U5, U4atac, and U6atac snRNAs. Previous work has shown that U1l
sSnRNA plays a role similar to U1 snRNA in the major class spliceosome by base pairing to the conserved 5 " splice site
sequence. Here we show that U6atac snRNA also base pairs to the 5 " splice site in a manner analogous to that of U6
snRNA in the major class spliceosome. We show that splicing defective mutants of the 5 " splice site can be activated
for splicing in vivo by the coexpression of compensatory U6atac ShRNA mutants. In some cases, maximal restoration

of splicing required the coexpression of compensatory U1l snRNA mutants. The allelic specificity of mutant pheno-

type suppression is consistent with Watson—Crick base pairing between the pre-mRNA and the snRNAs. These
results provide support for a model of the RNA-RNA interactions at the core of the U12-dependent spliceosome that

is strikingly similar to that of the major class U2-dependent spliceosome.

Keywords: base pairing; genetic suppression; snRNP; splicing

INTRODUCTION U2 snRNA (Parker et al., 1987; Wu & Manley, 1989;
Zhuang et al., 1989; Zhuang & Weiner, 1989). Follow-
ing these initial recognition events, a complex of U4,
U5, and U6 snRNPs joins the nascent spliceosome
and the combined assemblage undergoes several struc-
tural rearrangements. During this portion of the splice-
osome assembly process, the extensive base pairing
between U4 snRNA and U6 snRNA is disrupted so that
U6 snRNA can participate in base pairing to U2 snRNA
(Hausner et al., 1990; Datta & Weiner, 1991; Wu &
Manley, 1991; Madhani & Guthrie, 1992). In addition,
an adjacent sequence in U6 snRNA forms base pairs
to the 5’ splice site, which displaces U1 snRNA from
the complex (Kandels-Lewis & Seraphin, 1993; Lesser
& Guthrie, 1993; Hwang & Cohen, 1996). U5 snRNP
interacts with exon sequences near the 5’ and 3’ splice
sites, but apparently without substantial sequence spec-
ificity (Wyatt et al., 1992; Sontheimer & Steitz, 1993;
Newman, 1997). Thus, 5’ splice site activation appears
to be at least a two-step process in which U1 snRNP,
probably in cooperation with additional factors, speci-
fies the 5’ splice site followed by U5 and U6 snRNP
interactions that activate the site for reaction. A striking

Reprint requests to: Richard A. Padgett, Department of Molecular feature of these RNA-RNA interactions is their appar-
Biology, NC-20, The Lerner Research Institute, The Cleveland Clinic

Foundation, 9500 Euclid Ave., Cleveland, Ohio 44195, USA; e-mail: €Nt high degree of conservation throughout eukaryotic
padgetr@cesmtp.ccf.org phylogeny.
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Two distinct spliceosomal systems have co-existed in
eukaryotic cells since at least the divergence of the
plant and animal kingdoms (reviewed in Tarn & Steitz,
1997). These two systems act on pairs of mutually in-
compatible splice sites flanking pre-mRNA introns in
eukaryotic nuclear genomes. The large majority of in-
trons in all known organisms are spliced by a well-
studied pathway requiring the function of the small
nuclear RNAs U1, U2, U4, U5, and U6, as well as a
large number of additional proteins. In this pathway,
multiple RNA-RNA interactions have been demon-
strated to form between the splice site sequences and
the snRNAs and between various snRNAs in the splice-
osome (reviewed in Nilsen, 1998).

One of the earliest interactions takes place between
the 5’ end of U1 snRNA and the 5’ splice site via base
pairing (Zhuang & Weiner, 1986; Seraphin et al., 1988;
Siliciano & Guthrie, 1988). A second base pairing in-
teraction takes place between the sequence in the in-
tron surrounding the site of branching and a region of
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These interactions have been studied in both yeast
and human systems in vivo and in vitro by a variety of
techniques (see Moore et al., 1993 and Nilsen, 1998
for reviews). These studies have demonstrated the step-
wise assembly of the spliceosome and the roles of
sequence elements in the pre-mRNA and the snRNAs
in various interactions. Biochemical crosslinking stud-
ies, in particular, have provided direct evidence for the
physical association of RNAs, which nicely comple-
ment the genetic studies (Sawa & Abelson, 1992; Was-
sarman & Steitz, 1992; Wyatt et al., 1992; Sontheimer
& Steitz, 1993). However, a limitation of crosslinking
data is that it does not show that a given close contact
between RNAs is functional or necessary for splicing.

The recent identification and characterization of a
second spliceosomal system in cells has provided ev-
idence that aspects of these RNA-RNA interactions
are also conserved between the two systems. This is
particularly striking in light of evidence that the two
systems have both been present for a substantial frac-
tion of the history of life (Wu et al., 1996). This recently
described system is responsible for splicing a relatively
small set of introns with distinctive splice site signals
(Jackson, 1991; Hall & Padgett, 1994; Dietrich et al.,
1997; Sharp & Burge, 1997). Functional and structural
studies of this new spliceosomal system have revealed
that it uses a distinct set of snRNAs (Hall & Padgett,
1996; Tarn & Steitz, 1996a, 1996b; Kolossova & Padgett,
1997).

The minor snRNA species U11, U12, Udatac, and
U6atac appear to be the functional analogues of U1,
U2, U4, and U6, respectively, at least to a first approx-
imation. U5 snRNA appears to be common to both
systems. Both in vivo and in vitro data support the idea
that U12 snRNA interacts by base pairing with the highly
conserved branch site sequence (Hall & Padgett, 1996;
Tarn & Steitz, 1996a) and U1l snRNA interacts simi-
larly with at least a portion of the 5’ splice site se-
guence (Kolossova & Padgett, 1997; Yu & Steitz, 1997).
Because these distinctive biochemical requirements de-
fine the two spliceosomal systems rather than any one
feature of the intronic splice sites, we refer to the two
classes of introns as U2-dependent or U12-dependent
(Dietrich et al., 1997).

Recently, a novel U6-like snRNA called Ubatac sSnRNA
was identified that appears to be the functional ana-
logue of U6 snRNA in the U12-dependent splicing sys-
tem (Tarn & Steitz, 1996b). This finding has provided
an opportunity to examine the conservation of some
of the RNA—-RNA interactions believed to be central to
the splicing process. One candidate interaction that
emerged directly from the comparison of the U6 and
U6atac snRNA sequences was the potential for base
pairing between the U12-dependent 5" splice site and
Ubatac. U6 snRNA contains a phylogenetically highly
conserved sequence of ACAGA located just 5’ of a
region known to base pair with U2 snRNA in the splice-
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osome (Fig. 1A). This sequence has been shown to
interact, at least partially by base pairing, with the 5’
splice site and, in particular, with the conserved G at
position +5 (Kandels-Lewis & Seraphin, 1993; Lesser
& Guthrie, 1993; Hwang & Cohen, 1996). In U6atac
snRNA, this sequence is replaced by AAGGAGA, which
is also located 5’ of a region that can potentially form
base pairs with U12 snRNA and where a U12-U6atac
in vitro crosslink has been mapped (Tarn & Steitz,
1996b). As shown in the shaded region of Figure 1B,
this Ubatac sequence has the potential to form several
base pairs with the 5’ splice site sequence of U12-
dependent introns by displacing U1l snRNA. In sup-
port of this idea, a recent crosslinking study detected
an interaction between the 5’ splice site of a Ul12-
dependent intron and U6atac (Yu & Steitz, 1997).
However, the site of crosslinking on U6atac was not
determined and the functional significance of this cross-
link remains to be shown.

To examine this potential U6atac snRNA-5" splice
site interaction in an in vivo functional context, we
examined the ability of specifically mutated U6atac
SnRNAs to rescue splicing of a Ul12-dependent intron
containing splicing-defective mutations in the highly con-
served 5’ splice site sequence. Our previous experi-
ments looking for suppression of these intron mutants
by mutant U11 snRNAs showed that splicing of some
but not all 5’ splice site mutants could be rescued
(Kolossova & Padgett, 1997). We proposed that a pos-
sible reason for the inability of U11 snRNA mutations to
suppress other 5’ splice site mutations might be due
to a requirement for these sequences to also base pair
to Ubatac snRNA.

Here we show that this is indeed the case. At least in
terms of the in vivo suppression of mutations, the 5’
splice site sequence can be divided into regions that
appear to interact predominantly with U11 snRNA, with
U6atac snRNA, or with both. Analysis of the allelic spec-
ificity of suppression supports the idea that these in-
teractions are mediated by Watson—Crick base pairing.

RESULTS

Mutants of U6atac suppress the splicing
defect of 5 ' splice site mutants

To examine the possible base pairing of snRNAs to the
5’ splice site sequence of Ul2-dependent introns, a
series of mutations of this sequence was constructed
in the human nucleolar protein P120 intron F expres-
sion system. This minigene construct contains ex-
ons 5-8 and introns E, F, and G of the gene driven from
a CMV promoter (Hall & Padgett, 1996). Figure 2A
shows the sequences of the 5’ splice site of P120 intron
F and the portions of U11 and U6atac shnRNAs that are
proposed to base pair to the 5’ splice site. Figure 2B
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shows the sequences of the P1205' splice mutants
and the compensating mutant snRNAs used in this work.
The numbering of the P120 and snRNA mutants shown
in Figure 2B corresponds to the numbering of nucleo-
tide positions in Figure 2A. To test the effects of specific
U6atac mutations on the in vivo activity of these 5’
splice site mutants, a U6atac expression gene was con-
structed by inserting the coding sequence of Ubatac
(Tarn & Steitz, 1996b) into a U6 gene that had been
previously shown to be active when transfected into
cells (Wu & Manley, 1991). In vitro transcription of this
construct in the presence of a-amanitin produced a
band of approximately 126 nt, which is consistent with
the production of U6atac RNA by RNA polymerase lI
(data not shown). Mutations were introduced into this

construct that were designed to restore base pairing to
the 5’ splice site mutations (Fig. 2A,B). The U1l snRNA
mutants were described previously (Kolossova &
Padgett, 1997) or were constructed as described in
Materials and Methods.

The wild-type and mutant P120 constructs were trans-
fected into cultured CHO cells with or without cotrans-
fection of U1l and/or Ubatac expression constructs
containing various mutations. Total RNA was prepared
from the cells after 48 h and reverse transcribed using
a minigene-specific primer. The cDNA was amplified by
PCR using primers in the exons flanking the U12-
dependent intron F to assess the efficiency and accu-
racy of splicing of the mutant introns (Kolossova &
Padgett, 1997). In this assay system, three predomi-
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FIGURE 2. A: Diagram of the potential base pairs that could form
between the highly conserved 5’ splice site sequence of the human
P120 gene U12-dependent intron F (center line), U6atac sSnRNA (top
line), and U1l snRNA (bottom line). The location of the 5’ splice
junction is indicated by the arrow. Numbering is from the 5" ends of
U11 and U6atac snRNAs and the 5’ intron/exon junction of intron F.
B: Sequences of the P120 intron F 5’ splice site mutant constructs,
the U11 snRNA mutant constructs, and the U6atac snRNA mutant
constructs used in this study. Altered nucleotides are underlined.
Mutants are named according to the numbering of nucleotide posi-
tions shown in A. C: Sequence of the P120 gene around the splice
sites of the U12-dependent intron F used in this work. Solid arrows
denote the normal 5’ and 3’ splice sites used by this intron. Open
arrows indicate the splice sites used in the U2-dependent cryptic
splice activated by 5’ splice site mutations.

nant RNA species can be observed and quantitated:
unspliced RNA, properly spliced RNA, and RNA from a
cryptic, internal U2-dependent intron that is activated
in several 5" splice site mutants. The normal U12-
dependent splice sites and the cryptic U2-dependent
splice sites activated in the mutants are diagrammed in
Figure 2C.

In the experiment shown in Figure 3, three P120 intron
F 5’ splice site mutants were tested for suppression of
their splicing defects by co-transfection of expression
constructs carrying compensating mutations of U11 and
U6atac singly and in combination. Figure 3, lane 1,
shows that the wild-type P120 construct was spliced
almost quantitatively at the Ul2-dependent sites. As
we observed previously (Kolossova & Padgett, 1997),
mutations of the conserved 5’ splice site sequence
reduced or abolished correct splicing and, in addition to
accumulating unspliced RNA, led to the activation of
the internal U2-dependent cryptic splice sites.
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Cotransfection with U11 snRNA mutants that were
designed to restore the potential base pairs to the 5’
splice site mutants gave the results we observed be-
fore (Kolossova & Padgett, 1997). Of the mutants tested
here, only P120 CT6/7GA could be suppressed by a
compensating U1l mutation alone (Fig. 3, lane 11).
Concomitant with the activation of correct splicing, the
amounts of both unspliced and cryptic spliced products
were reduced. In contrast, neither P120 TC4/5AG
(Fig. 3, lane 3) nor P120 CC5/6GG (Fig. 3, lane 7) was
detectably suppressed by the appropriate U11 mutants.

A different result was obtained when compensating
U6atac snRNA mutants were cotransfected with the
P120 mutants. Correctly spliced products from both
P120 TC4/5AG (Fig. 3, lane 4) and P120 CC5/6GG
(Fig. 3, lane 8) were produced following cotransfection
of the compensating U6atac mutants. Correct splicing
of P120 CT6/7GA, which by itself produced some prop-
erly spliced RNA, was slightly enhanced by the U6atac
suppressor mutant (Fig. 3, lane 12). When both the
U1l and U6atac mutants were cotransfected with the
P120 mutants, the P120 CC5/6GG mutant was sup-
pressed substantially more efficiently than with either
snRNA alone (Fig. 3, lane 9), the P120 CT6/7GA mu-
tant was suppressed by the sum of the effects of the
two snRNAs alone (Fig. 3, lane 13), whereas suppres-
sion of the P120 TC4/5AG mutant was only slightly
improved over that seen using U6atac alone (Fig. 3,
lane 5).

Allelic specificity of suppression of the
5’ splice site mutants

These results show that both U11 and U6atac function-
ally interact with the 5’ splice site sequence of the U12-
dependent intron to promote correct U12-dependent
splicing in vivo. In our previous work, we demonstrated
that the suppression activity of U11 snRNA on muta-
tions at positions 6 and 7 of the 5’ splice site was due
to restoration of Watson—Crick base pairing between
the snRNA and the pre-mRNA (Kolossova & Padgett,
1997). To demonstrate that the suppression effects of
U6atac mutants on the 5’ splice site mutants are also
mediated by Watson—Crick base pairing between the
pre-mRNA and the snRNA, the allelic specificity of the
suppression effects was investigated.

The specificity of suppression of the P120 TC4/5AG
mutation by the U6atac GA15/16CT mutation was tested
by constructing a new P120 mutant, TC4/5GT, and a
new U6atac mutant, GA15/16AC (Fig. 2B). If U6atac
interacts with the 5’ splice site by Watson—Crick base
pairing, the suppression of the splicing defect should
be allele specific, i.e., P120 TC4/5GT would be sup-
pressed by U6atac GA15/16AC, but not by U6atac
GA15/16CT, whereas P120 TC4/5AG would be sup-
pressed by U6atac GA15/16CT, but not by GA15/
16AC. This is exactly what was observed. Figure 4
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FIGURE 3. Suppression of splicing defects in P120 intron F 5’ splice site mutants by coexpression of compensating U11
and U6atac snRNA mutant constructs. The wild-type P120 minigene (lane 1) or three different 5’ splice site mutants were
transfected into CHO cells along with expression constructs for compensating U1l and/or U6atac snRNAs as indicated.
RNA from the transfected cells was isolated and the splicing pattern of the P120 intron F in the minigenes was analyzed by
RT-PCR. Amplified DNA products were separated by agarose gel electrophoresis, stained with ethidium bromide, and
photographed with a digital video camera system. Bands corresponding to unspliced RNA (Unspliced), RNA spliced using
a pair of cryptic U2-dependent splice sites (Cryptic), and RNA spliced by the U12-dependent system (Spliced) are indicated.
The fraction of the total products found in each of the three bands was determined by quantitation of the digital image,
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shows that only the complementary pairs of P120 and
Ubatac mutants restore correct splicing, whereas the
noncomplementary pairs are inactive. The reciprocal
suppression effects observed in this experiment dem-
onstrate that both U6atac alleles can be expressed in
an active form in transfected cells. Note that the two
P120 mutants differ in their extents of activation of the
cryptic U2-dependent splice sites and that the effect of
the suppressor U6atac snRNAs is to produce correctly
spliced RNA at the expense of unspliced RNA. The
amount of cryptic spliced product is reduced only slightly.

To demonstrate the allele specificity of suppression
of the P120 CC5/6GG mutant by both U11 and U6atac
snRNA mutants, an additional U11 mutant, GG6/7TT,
and an additional U6atac mutant, GG14/15TT, were
constructed (Fig. 2B). Figure 5 shows that suppression
of the splicing defect was only observed in the pres-
ence of the compensating Ubatac GG14/15CC mutant
and not with the U6atac GG14/15TT mutant. Maximal
suppression also required the presence of the com-
pensating U11 GG6/7CC mutant (Fig. 5, lane 5). The

U1l GG6/7TT mutant also stimulated suppression, but
by a lesser amount (Fig. 5, lane 10), presumably due to
the formation of two G-U base pairs with the 5’ splice
site. Thus, both the U6atac and U1l sequences must
be complementary to the 5’ splice site sequence to
produce maximal levels of properly spliced RNA. This
supports the idea that the effects are due to the for-
mation of Watson—Crick base pairs between these RNA
sequences. Note that, as in Figure 4, the predominant
effect of Ubatac suppressor function is to activate cor-
rect splicing at the expense of unspliced RNA. The
amount of cryptic spliced product is virtually unaffected
(Fig. 5, lanes 4 and 10).

DISCUSSION
Both U1l and U6atac snRNAs interact
with the 5 ' splice site

U12-dependent introns are present in both higher plants
and animals (Wu et al., 1996), which implies that the
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same as in Figure 3.

Ul12- and U2-dependent spliceosomal systems have
existed side by side for at least a billion years, possibly
much longer. In light of this long period of separate
evolution, it is remarkable how similar in structure and
function the two systems appear to be. Whether these
similarities reflect conservation of a common ancestral
mechanism, the constraints of chemical determinism
(Weiner, 1993), or a need to use common snRNP and
non-snRNP factors for both types of splicing is unclear.
The current investigations are directed toward deter-
mining if the apparent similarities are functional or co-
incidental.

The 5’ splice site of U2-dependent introns interacts
sequentially with U1 snRNA and U6 snRNA (reviewed
in Nilsen, 1998). The U6 snRNA interaction alone ap-
pears to be sufficient for proper splice site activation
under special conditions (Crispino et al., 1994; Tarn &
Steitz, 1994; Konforti & Konarska, 1995) or in organ-
isms that trans-splice. When U6atac snRNA was iden-
tified as the probable U6 analogue in the U12-dependent
spliceosome, its sequence immediately suggested that
it made a similar base pairing interaction with the U12-
dependent 5’ splice site sequence (Tarn & Steitz,
1996b). Subsequently, a crosslink has been detected
between one residue of the U12-dependent 5" splice

site and an undetermined site on U6atac snRNA (Yu &
Steitz, 1997).

Here we have taken a functional approach to inves-
tigating this issue by asking if splicing-defective 5’ splice
site mutants could be rescued in vivo by coexpression
of Ubatac snRNAs bearing compensating nucleotide
changes in the putatively interacting nucleotides. Our
results demonstrate that U6atac snRNA functionally in-
teracts with the 5’ splice site sequence of a Ul2-
dependent intron. Coexpression of Ubatac snRNAs
containing compensatory mutations can rescue the
splicing defect of mutant 5’ splice sites either alone or
in combination with suppressor U1l snRNAs. The al-
lelic specificity of the in vivo suppression effects by
both U11 and U6atac snRNAs supports the idea that
these snRNAs interact with the 5’ splice site sequence
by Watson—Crick base pairing.

The sensitivity of the U12-dependent 5’ splice site to
inactivation by mutation is striking. In addition to the
double mutations described here, we have shown that
a single point mutation of position Cs to G in the context
of mutation of the terminal intron nucleotides to G was
sufficient to convert the U12-dependent 5’ splice site
into a U2-dependent 5’ splice site (Dietrich et al., 1997).
An equally striking finding is the very high degree of
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FIGURE 5. Allelic specificity of suppression of the 5’ splice site mutant P120 CC5/6GG by U11 and U6atac SnRNA mutants.
The wild-type P120 minigene (lane 1) or the P120 CC5/6GG mutant (lanes 2—-10) were cotransfected with the U1l and
Ubatac expression constructs indicated above each lane. The analysis and presentation is the same as in Figure 3.

conservation of these nucleotides in all known exam-
ples of U12-dependent introns (Sharp & Burge, 1997;
Tarn & Steitz, 1997; Wu & Krainer, 1997). The results
described here show that the major role of these nu-
cleotides is to base pair with the appropriate snRNAs.
Thus, the splicing of U12-dependent introns appears to
be substantially more dependent on specific RNA—
RNA base pairing than does U2-dependent splicing,
where much more variation in splice site sequences is
tolerated.

An interesting aspect of these results is that, al-
though it is possible to draw potential base pairs be-
tween the 5’ splice site and both U1l and U6atac
throughout the same region of the 5’ splice site
(Figs. 1B, 2A), there appear to be subregions of this
sequence where interactions with one or the other
SnRNA are more important in the in vivo rescue assay.
For example, toward the 5’ end of the region, U6atac
can suppress mutations alone, whereas, toward the 3’
end, U11 snRNA can suppress mutations alone. In the
middle of this region, when the C5Cg dinucleotide of the
5’ splice site is changed to GG, suppressor alleles of
both U1l and U6atac snRNAs are required to maxi-
mally rescue the P120 mutation.

It is difficult in the context of the in vivo assay to
determine the mechanistic causes of this result. As dis-
cussed in more detail below, the activation of the U12-

dependent 5’ splice site is likely to involve the sequential
interaction of U1l and U6atac snRNAs. There is no a
priori reason to believe that all the base pairs drawn in
Figure 2A are of equal weight or that all of them are
even present. Some of the snRNA sequences may not
be available for base pairing in the native snRNP struc-
ture. For example, the lack of significant U1l suppres-
sion of mutations at positions 4 and 5 of the 5’ splice
site may reflect the inaccessibility of U1l positions 7
and 8 due to the proximity of these residues to the 5’
stem-loop structure of U1l snRNA (see Fig. 1B). Alter-
natively, mispairing with wild-type U6atac may be bet-
ter tolerated in cases where the mutations are farther
away from the Ubatac—U12 interaction region than when
they are closer. Because in vivo suppression of the 5’
splice site mutations is likely to be the result of both
selection and activation of the 5’ splice site, these is-
sues may need to be investigated at the biochemical
level.

Differential effects of U11 and U6atac suggest
an ordered pathway of in vivo splicing

There is significant evidence of an ordered and se-
guential pathway of 5’ splice site—snRNA interactions
in the U2-dependent spliceosome assembly process in
which base pairing to U1 snRNA occurs at an early
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step and is subsequently displaced by base pairing to
U6 snRNA (reviewed in Nilsen, 1998). Similarly, in vitro
data support an analogous ordered pathway for U12-
dependent spliceosome formation. U11 snRNA can be
detected in complexes with the pre-mRNA that form at
early times, but not in later-forming and larger com-
plexes, which include U6atac snRNA (Tarn & Steitz,
1996a, 1996b). In addition, crosslinks that can be in-
duced between the 5’ splice site and U1l snRNA can
be detected prior to crosslinks between the 5" splice
site and U6atac snRNA (Yu & Steitz, 1997).

Suggestive evidence that such an ordered pathway
is operating in vivo can be seen in the data presented
here. In several cases, it appears that the effects of
suppressor snRNA mutants on the distribution of the
various RNAs produced by the P1205’ splice site mu-
tants differ, suggesting that the two snRNAs affect dif-
ferent steps. In these in vivo assays, it seems reasonable
to propose that the unspliced RNA signal represents
the proportion of RNA molecules that are not commit-
ted to either splicing pathway plus the proportion that
are committed to either the U2- or Ul2-dependent
splicing pathway but have not completed splicing. The
cryptic spliced RNA signal, of course, represents the
proportion of the RNA molecules that have completed
splicing via the U2-dependent system. By this model, a
suppressor snRNA that decreases the proportion of
RNA that becomes spliced at the cryptic site must be
acting early in competition with the activation of the
U2-dependent cryptic site. A suppressor snRNA that
acts later can only affect the distribution of RNA be-
tween the unspliced and correctly spliced products.

In the data shown here for the P120 CT6/7GA mu-
tant, where a compensating U11 mutation has the larg-
est affect by itself, both the unspliced and the cryptic
spliced signals are reduced concomitant with the acti-
vation of the U12-dependent splicing pathway. In con-
trast, the activation of U12-dependent splicing in P120
mutants at positions 4—-6 by U6atac alone is almost
entirely at the expense of the unspliced RNA compo-
nent. The cryptic spliced signal remains nearly un-
changed. When both U11 and U6atac suppressors are
cotransfected with the P120 CC5/6GG mutant, both
the unspliced and cryptic signals are reduced. These
results are consistent with a model in which U11 com-
petes with U1 or other components to select which 5’
splice site will be active, whereas Ubatac acts at a later
step to complete the splicing reaction.

How are the U2- and Ul2-dependent splicing
systems related?

These results provide additional confirmation of the
striking parallels between the U2- and U12-dependent
splicing systems. Experimental support for most of the
RNA-RNA interactions diagramed in Figure 1B for the
U12-dependent splicing pathway has now been obtained
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by in vivo genetic and/or in vitro biochemical investiga-
tions (Hall & Padgett, 1996; Tarn & Steitz, 1996a, 1996b;
Kolossova & Padgett, 1997; Yu & Steitz, 1997; this work).
All of these interactions have clear analogues in the U2-
dependent splicing pathway (Fig. 1A). These structural
and functional similarities reinforce the notion that these
interactions are central to the assembly and function of
both types of spliceosome.

An intriguing question is whether the similarities be-
tween the U2- and Ul2-dependent splicing systems
are homologies due to descent from a common ances-
tral splicing mechanism or are due to convergence
caused, perhaps, by a need to use factors common to
both systems. It appears that, of the snRNAs, only U5
snRNA is used by both systems (Tarn & Steitz, 1996a).
Assuming that U5 plays a similar functional role in both
systems, it is likely that the U5 snRNP proteins (Bach
et al., 1989) will also be involved in both systems. Be-
yond this, the extent of shared use of sShnRNP and non-
snRNP proteins has yet to be explored. However, if the
common use of proteins is significant, a requirement
for similar RNA sequences and structures within the
spliceosome might be a predictable consequence, thus
supporting a convergence model. If, on the other hand,
it turns out that many or most protein factors involved in
U2-dependent splicing have variant homologues that
are specific for the U12-dependent splicing system, a
stronger case can be made for common descent of the
two systems.

MATERIALS AND METHODS

Construction of U6atac expression plasmid

The U6 coding region of a U6 snRNA gene (Wu & Manley,
1991; obtained from J. Manley) was replaced with the U6atac
sequence by PCR techniques. First, the U6atac cDNA se-
quence from a U6atac plasmid (Tarn & Steitz, 1996b; ob-
tained from J. Steitz) was amplified using the primers
TGTGGAAAGGACGAAACACCGTGTTGTATGAAAGGAG
AGA (primer 1) and GCTCTAGAAAAACAACCTGATGTAA
AAACAGAAAAACAACCTGATGTAAAAACGATGGTTAGAT
GCCA (primer 2). This produced a DNA fragment with the 5’
end of U6atac joined to the promoter-proximal region of the
U6 snRNA gene and the 3’ end of U6atac joined to the 3’
downstream region of the U6 gene terminating in an Xba |
restriction site. Next, the upstream portion of the U6 snRNA
gene from —328 to —1 was amplified using the primers
CGGAATTCCCCAGTGGAAAGACGCGCA (primer 3) and
TCTCTCCTTTCATACAACACGGTGTTTCGTCCTTTCC
ACA (primer 4). This produced a DNA fragment with a 3’ end
complementary to the U6atac fragment and a 5’ end with an
EcoR 1 restriction site. The two fragments were then com-
bined and amplified with primers 2 and 3 to join the U6 snRNA
upstream sequences to the U6atac cDNA sequences. Finally,
the resulting fragment was digested with EcoR 1 and Xba |
and ligated into pALTER-1 (Promega). The correct structure
was confirmed by sequencing.
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Construction of mutant DNA constructs

The construction of the P120 intron F minigene and mutants
derived from it were as described (Kolossova & Padgett, 1997).
The construction of the wild-type and mutant U1l snRNA
expression plasmids was also as described (Kolossova &
Padgett, 1997). The U6atac ShRNA mutants were made in
the expression plasmid described above using the Altered
Sites Il system from Promega and single mutagenic oligonu-
cleotides. All mutations were confirmed by DNA sequencing.

Analysis of in vivo splicing

Transient transfection of the P120 minigene and snRNA ex-
pression plasmids into cultured CHO cells was as described
(Hall & Padgett, 1996; Kolossova & Padgett, 1997). For these
experiments, 0.5 ug of P120 plasmid, 5 ng of U1l snRNA
expression plasmid, and 5 wg of U6atac expression plasmid
were added to 1 X 10° cells. Where one or both snRNA
plasmids were omitted, a corresponding amount of pUC19
plasmid DNA was substituted. Total RNA was isolated from
cells 48 h after transfection, reverse transcribed using a vec-
tor specific primer, and amplified by PCR using P120 exon
specific primers as described (Kolossova & Padgett, 1997).
The products were analyzed by agarose gel electrophoresis.
The DNA bands were visualized using ethidium bromide and
photographed using a digital video camera (BioPhotonics).
Band intensities were quantitated using ImageQuant soft-
ware (Molecular Dynamics), adjusted to reflect the size of the
DNA fragments, and expressed as a percentage of the total
signal from the three DNA products. Independent transfec-
tions and analyses gave substantially similar results. Relative
band intensities were not sensitive to alterations in the num-
ber of amplification cycles between 20 and 30. The data
presented here were from reactions amplified for 30 cycles.
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