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ABSTRACT

Udatac snRNA forms a base-paired complex with
U6atac snRNA. Both snRNAs are required for
the splicing of the minor U12-dependent class of
eukaryotic nuclear introns. We have developed a
new genetic suppression assay to investigate the
in vivo roles of several regions of U4atac shRNA in
U12-dependent splicing. We show that both the
stem | and stem Il regions, which have been pro-
posed to pair with U6atac snRNA, are required for
in vivo splicing. Splicing activity also requires
Udatac sequences in the 5 stem-loop element that
bind a 15.5 kDa protein that also binds to a similar
region of U4 snRNA. In contrast, mutations in the
region immediately following the stem | interaction
region, as well as a deletion of the distal portion of
the 3’ stem-loop element, were active for splicing.
Complete deletion of the 3 stem-loop element
abolished in vivo splicing function as did a mutation
of the Sm protein binding site. These results show
that the in vivo sequence requirements of U4atac
snRNA are similar to those described previously for
U4 snRNA using in vitro assays and provide experi-
mental support for models of the Ud4atac/U6atac
snRNA interaction.

INTRODUCTION

The recent identification of a minor class of nuclear pre-
mRNA introns which are spliced by a distinct alternative
spliceosome has provided an unexpected example in which to
evaluate the present models of RNA function in splicing
(reviewed in 1-4). The snRNPs and their component snRNAs
that are involved in splicing this minor (U12-dependent) class
of introns in human cells have been shown to be functional
analogs of the major (U2-dependent) intron class spliceosomal
snRNPs. Thus, Ull snRNA appears to be the functional
analog of Ul snRNA, U12 snRNA is the analog of U2 snRNA,
U4atac snRNA is the analog of U4 snRNA and U6atac snRNA
is the analog of U6 snRNA. U5 snRNA appears to function in
both spliceosomes. The functional similarities of the two sets
of snRNAs and snRNPs are given added support by the
apparent conservation of various RNA-RNA interactions

between snRNAs and between snRNAs and the pre-mRNA
(1-4).

A striking example of this conservation of RNA-RNA
interactions is the base pairing between U4atac and Ubatac
snRNAs, which closely mirrors that of the U4/U6 snRNA
interaction (5). These two secondary structure models are
compared in Figure 1. In both di-snRNP complexes, the
snRNAs are held together by two regions of base pairing
called stem I and stem II separated by a stem—loop structure
called the 5" stem—loop.

The regions of the U6 and Ubatac snRNAs that pair with U4
and U4atac snRNAs, respectively, to form stem II are also the
regions that form an essential RNA stem-loop element in the
spliceosome following the dissociation of the U4/U6 or
U4atac/U6atac di-snRNP complexes. In the course of examin-
ing the function of this intramolecular stem—loop in Ub6atac
snRNA, we found that many U6atac mutants with alterations
in this region were inactive in vivo unless they were co-
expressed with U4datac snRNAs containing complementary
alterations in the stem II pairing region (6,7).

This result showed both that U4atac snRNA was an
essential component of the Ul2-dependent splicing system
in vivo and that the stem II interaction was critical to its
function. It also gave us a method for determining additional
essential elements of U4atac snRNA by combining mutations
in other regions of U4atac snRNA with mutations in the stem
IT region that activate a specific suppressor Ubatac snRNA.

Previous investigations of mammalian U4 snRNA were
carried out using either in vitro nuclear extracts or micro-
injected frog oocytes (8—11). The only previous in vivo
investigations of U4 snRNA were carried out in budding and
fission yeast (12—14). Since Ul2-dependent splicing has only
been detected in metazoan organisms, the functional organ-
ization of U4atac snRNA must be investigated in these
systems. The in vivo assay for Udatac snRNA function
described here represents the first system for investigating the
functional organization of a metazoan U4 or U4atac snRNA.

MATERIALS AND METHODS
Construction of U4atac expression plasmids

The starting U4atac snRNA expression plasmid has been
described previously (6) and contained mutations in the
stem II region to restore complementarity to the Ub6atac
snRNA, which contained the plant-derived sequence in the
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Figure 1. (A) Secondary structure of human U4 and U6 snRNAs based on the model of Wersig and Bindereif (8). (B) Secondary structure model of human
U4atac and Ubatac snRNAs. Shown is the structure proposed by Padgett and Shukla (5). The regions of U4atac snRNA that are examined in this study are

bracketed.

intramolecular stem—loop region. For the mutations studied
here, pairs of mutagenic oligonucleotides were used to prime
PCRs using primers at the snRNA 5" and 3’ ends. The products
were then mixed together and reamplified with only the
terminal primers. The full length products were then digested
with Sall and BgII restriction enzymes and ligated into a Ul
expression vector from which the Ul coding region had been
excised (15). The sequences of all mutant snRNAs were
confirmed by DNA sequencing.

Analysis of in vivo splicing

The P120 minigene plasmid described previously contains
exons 5-8 and introns E, F and G of the human nucleolar
protein P120 gene (16). The 5" splice site of the Ul2-
dependent intron F contained the CC5/6GG mutation, which
we have shown abolishes Ul2-dependent splicing of this
intron in vivo (17). The Ull snRNA GG6/7CC suppressor
mutation was described previously (17). The Ubatac snRNA
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GG14/15CC mutation has also been described (18). These two
mutant snRNAs restore Ul2-dependent splicing to the P120
CC5/6GG 5’ splice site mutant. The suppressor Ubatac snRNA
was modified further by substituting nucleotides 30—50 of the
human sequence with the Arabidopsis thaliana Ubatac snRNA
sequence of the intramolecular stem—loop element to give the
Ub6atac GG14/15CC + AthSL construct (6). These constructs
were combined with the U4atac snRNA suppressor construct
described previously (6) or with U4atac snRNA second site
mutants as described here.

Transient transfection of the P120 minigene and snRNA
expression plasmids into cultured CHO cells was as described
(16-18). For these experiments, 0.5 pg of P120 plasmid and
5 ug of each of the snRNA expression plasmids were added to
1 X 10° cells. Where one or more snRNA plasmids were
omitted, a corresponding amount of pUC19 plasmid DNA was
substituted. Total RNA was isolated from cells 36 h after
transfection, reverse transcribed and PCR amplified as
described (17,18). The products were analyzed by agarose
gel electrophoresis. The DNA bands were visualized using
ethidium bromide and photographed using a digital video
camera (Kodak). Independent transfections and analyses gave
substantially similar results.

RESULTS AND DISCUSSION

Figure 2 shows the essential features of the in vivo genetic
suppression assay for Udatac snRNA. We begin with a
previously described minigene derived from the human
nucleolar P120 protein gene. This minigene contains three
introns. The first and third are U2-dependent introns while the
middle intron is a U12-dependent intron (16). The 5" splice site
of this Ul2-dependent intron has been mutated at two
positions (CC5/6GG), which renders it inactive for Ul2-
dependent splicing in vivo (17). Instead, the intron either
remains unspliced or splices using two cryptic U2-dependent
splice sites. This cryptic splicing event produces spliced exons
that are 19 nt longer than the correctly spliced exons (17,18).
As we have previously shown, this mutant U12-dependent 5’
splice site can be reactivated for correct splicing by co-
transfection of plasmids that express U6batac and U11 snRNAs
with compensatory double mutations (18).

This restoration of correct Ul2-dependent splicing to the 5’
splice site mutant by a compensatory mutant of Ub6atac
snRNA allowed us to test the effects of other alterations in
Ub6atac snRNA on its function in vivo (6,7). Among the
modifications to Ubatac snRNA that we tested was the
replacement of the intramolecular stem—loop structure in
human U6atac snRNA with the analogous region of the
Ubatac snRNA of the plant A.thaliana (6). The plant sequence
of the stem—loop differed from the human sequence in 9 of 21
positions. This chimeric U6atac snRNA mutant (GG14/15CC
+ AthSL) was inactive in the in vivo suppression assay
(Fig. 2B, lane 5) but, as noted above, the changes in the
intramolecular stem—loop sequence also weakened the stem II
interaction with the endogenous U4atac snRNA. Co-transfect-
ing an appropriately modified U4atac snRNA construct,
designed to restore the stem II base pairing, restored
suppressor activity to the U6atac snRNA with the plant
stem—loop (Fig. 2B, lane 6) (6). Figure 2A shows the changes
in the stem II region of these Ubatac and U4atac snRNA

suppressor mutants. This suppressor Udatac snRNA construct
is the starting mutant for the second site mutations described
below.

Ud4atac snRNA can be divided into six sub-regions, as
shown in Figure 1B, which are arranged in a similar fashion to
those in U4 snRNA. From 5’ to 3’ (right to left in Fig. 1) they
are: stem II, the 5" stem—loop, stem I, the internal single
stranded (S.S. in Fig. 1) region, the 3" stem—loop (also called
the central stem-loop in U4 snRNA) and the Sm protein
binding region. We have tested mutations in U4atac snRNA in
each of these regions for their ability to support Ul2-
dependent splicing in vivo. Previous investigations of U4
snRNA in vertebrate and yeast systems have also explored the
analogous regions of this sSnRNA (8,10-12,14).

Stem II

The 5’ proximal region of Udatac snRNA was suggested to
base pair to Ubatac snRNA on the basis of its sequence
complementarity and similar position to the analogous U4
snRNA region (19). For U4 snRNA, the stem II interaction
with U6 snRNA is required for splicing activity (8,10,11,14).
We have shown previously that base pairing in the stem II
region between U4datac and Ubatac snRNAs is also essential
for Ul2-dependent splicing in vivo (6). This region of U4atac
snRNA can tolerate a large number of simultaneous changes
while retaining function as long as complementarity with
Ub6atac is maintained (6,7).

5’ Stem-loop

The region 3’ of stem II in both U4 and U4atac snRNAs is the
5" stem-loop. U4 snRNA mutants with deletions of the 5’
stem—loop are inactive for splicing both in vivo (10,12) and
in vitro (8,9). The loop region of this element in U4 snRNA
contains a phylogenetically conserved AAUGAG sequence
(residues 29-34) that is also found in U4atac snRNA (residues
34-39). In U4 snRNA, a triple substitution mutation in the
AUG of this sequence was defective for splicing (10).
Nottrott et al. (20) showed that this region of both U4
and U4atac snRNAs could bind to a 15.5 kDa U4/U6.U5
tri-snRNP protein in vitro and suggested that it might play a
functional role in U4 and U4atac snRNA synthesis and/or
function. These authors found that several residues in the loop
portion of the 5” stem-loop, including the AAUGAG
sequence, were essential for in vitro 15.5 kDa protein binding.
In particular, U4 snRNA residues U31, G32 and A33 were
found to be the most important for high-affinity binding while
resides A29 and A30 were less important (20). These
correspond to U4atac residues A34, A35, U36, G37 and A38
(Figs 1 and 3A).

We made three mutations in this region of U4atac snRNA
(Fig. 3A). These were (i) a A35C, U36G, G39U triple
substitution mutant, (ii) a A35C, U36G, G37U triple substi-
tution mutant and (iii) a deletion of residues 35-39. When
these mutant snRNAs were tested in the in vivo suppression
assay, the A35C, U36G, G39U triple substitution mutant
showed partial activity (Fig. 3B, lane 2) while the A35C,
U36G, G37U triple substitution mutant (lane 3) and the
deletion mutant (lane 4) failed to show suppression activity
(i.e. the mutant U4atac snRNAs were inactive).

The partial activity of the A35, U36 and G39 triple mutant
was unexpected. These mutations were chosen because the
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Figure 2. (A) Diagram of the in vivo genetic suppression assay. The sequential base pairing interactions between Ul1l snRNA and the pre-mRNA 5" splice
site and between U6atac snRNA and the 5 splice site are shown. The boxed residues are those mutated in the suppression assay as shown at the top of the
figure. Both the U6atac GG14/15CC and the U1l GG6/7CC mutations are required to fully suppress the effect of the 5" splice site CC5/6GG mutation. Also
shown are the nine mutations introduced by the AthSL mutant into the stem II region of Ubatac snRNA and the compensatory mutations introduced into the
U4atac snRNA (outlined residues). This suppressor Udatac SnRNA serves as the starting construct for the mutants described in this study. (B) Products of
RT-PCR amplification of RNA extracted from CHO cells transfected with the listed constructs. The RT-PCR primers are in P120 exons 6 and 7 and amplify
the region of intron F in the P120 minigene. The positions of bands corresponding to unspliced RNA, RNA spliced at the normal Ul2-dependent splice sites
(spliced) and RNA spliced at the cryptic U2-dependent splice sites (cryptic) are indicated. Lane 1 is from mock transfected cells, lane 2 is from cells
transfected with the empty expression vector, lane 3 is from cells transfected with the control wild type P120 minigene construct. Lanes 4-6 are from cells
transfected with the P120 CC5/6GG 5’ splice site mutant (lane 4), both the U11 and the U6atac suppressor mutants (lane 5), and the combination of the Ul1,
Ubatac and U4atac suppressor mutants (lane 6). Lane M is a 50 bp DNA size ladder.

analogous U4 triple mutant, A30C, U31G, G34U, was shown
by Nottrott et al. (20) to be incapable of binding the 15.5 kDa
protein in vitro and to be inactive in a splicing inhibition assay.
Possible explanations for the partial activity of the U4atac
mutant are that (i) the wild type U4atac sequence has a 5-fold
higher affinity for the 15.5 kDa protein than the U4 sequence
(20), (ii) only U36 of the most critical UGA sequence was
mutated and (iii) the base pairing of G39 in U4atac and G34 in

U4 are different and, in fact, the G39U mutation in U4atac was
shown to be competent for 15.5 kDa protein binding (20). In
addition, the in vitro binding data were obtained using only a
fragment of U4 snRNA and the 15.5 kDa protein alone while
the in vivo assay used here includes the entire U4atac snRNA,
its interacting U6atac snRNA and the full set of snRNP
proteins, any or all of which might affect the affinity of the
15.5 kDa protein for the mutant snRNA.
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We conclude that the results of the mutations of the U4atac
5" stem-loop show that the loop residues of this region of
U4atac snRNA are required for splicing activity in vivo. They
also suggest that the basis of this requirement is the binding of
the 15.5 kDa protein and that this protein is required for in vivo
splicing of Ul2-dependent introns.

Stem 1

The stem I region of U4atac snRNA has been proposed to base
pair to Ubatac snRNA. When the original sequence of U4atac
snRNA and the proposed U4atac/U6atac base paired structure
were published, an error was made in the sequence of U4atac
in this region such that the G60 and C61 residues were
transposed (19). We have recently shown that the correction of
this mistake allows the formation of a different stem I structure
that involves more base pairs and is more similar to the stem I
structure of U4/U6 (Fig. 1) (5). We have tested this newly
proposed model by mutating U4atac residues that are involved
in stem I in either the original model (Fig. 3C, right) or our
new model (Fig. 3C, left). To test our model, we made the
double G60C, C61G mutant, thus creating the originally

published sequence. As shown in Figure 3C, left, these
mutations would be expected to destabilize the stem I
interaction in our new model but not in the original model.
On the other hand, as a test of the original U4atac/U6atac
stem I pairing model, we made the double C67G, C68G
mutant. As shown in Figure 3C, right, these mutations would
be expected to destabilize the original model’s stem I but not
the stem I of the new model. These constructs were then tested
for in vivo suppression activity. As shown in Figure 3D, the
G60C, C61G mutant, which disrupted the newly proposed
stem I structure, was inactive, while the G67C, G68C mutant,
which disrupted the originally proposed stem I structure, was
still largely functional. These results provide support for our
proposed model of the U4atac/U6atac stem I interaction (5).
They also provide genetic evidence in support of the func-
tional requirement of the U4atac/U6atac stem I interaction in
Ul2-dependent splicing.

Previous studies of mutants in the U4 snRNA stem I region
have reached mixed conclusions about its requirement in U2-
dependent splicing. A deletion of this region in human U4
snRNA was still able to reconstitute splicing in vitro (9) while
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Figure 3. (Opposite and above) Splicing phenotypes of U4atac snRNA mutants. (A) Locations of the mutations in the loop region of the 5 stem-loop element.
The first two are three residue substitution mutants and the last mutant is a five residue deletion. (B) RT-PCR products from cells transfected with the indicated
U4atac snRNA mutants. Lane 1 in this and subsequent gels is a positive suppression control using the constructs shown in lane 6 of Figure 2B. The experi-
mental lanes in this and subsequent gels are from cells transfected with the P120 CC5/6GG mutant, the GG6/7CC mutant of Ul1 snRNA, the GG14/15CC +
AthSL stem II mutant of U6atac snRNA and the indicated U4atac snRNA mutants. Lanes labeled M are 50 bp DNA size markers. (C) Locations of the
mutations in the stem I pairing region of U4atac snRNA. The G60C, C61G mutant would be predicted to disrupt the stem I pairing with Ubatac snRNA in the
model that we recently proposed (5). The C67G, C68G mutant would be predicted to disrupt the stem I pairing with Ubatac snRNA in the model originally
proposed by Tarn and Steitz (19). (D) RT-PCR products from cells transfected with the indicated U4atac snRNA mutants. (E) Locations of mutations in
the single stranded region of U4atac snRNA. This region is shown base paired to Ubatac snRNA according to the model proposed by Jakab et al. (22).
(F) RT-PCR products from cells transfected with the indicated U4atac snRNA mutants. (G) Locations of mutations in the 3" stem—loop element and Sm bind-
ing site of Udatac snRNA. Two deletions of the 3" stem—loop are shown. The first removes the distal portion of the element by deleting residues 92-105 and
joining residue 91 to 106 to create a 5 nt terminal loop. The second removes the entire element by deleting residues 84—114 and joining residue 83 to 115.
Also shown is the 3 nt mutation of the Sm protein binding site (Sm~). (H) RT-PCR products from cells transfected with the indicated U4atac snRNA mutants.

a substitution mutant was inactive for splicing in micro-
injected oocytes (10). Yeast U4 snRNA was found to be
tolerant of mutations in the stem I region in vivo (14).
Nevertheless, the clear conservation of the base pairing
potential for this interaction in both splicing systems and in
all organisms argues strongly for a functional role in splicing
as we found in U4atac snRNA. A formal genetic proof that this
region of U4atac snRNA is essential because of base pairing
with U6atac snRNA would require the restoration of function
with compensatory mutations in Ubatac. However, the region
of Ubatac snRNA that is proposed to be in stem I is both
highly conserved and is also proposed to base pair with a

region of U12 snRNA at a later stage of spliceosome assembly
(19,21).

Single stranded region

The region of U4 snRNA between stem I and the 3’ stem—loop
element is tolerant of mutations, suggesting that it is not
an essential region of U4 snRNA (11,14). However, Jakab
et al. (22) have suggested, based on phylogenetic conserv-
ation, that a third interaction between U4 and U6 might
involve this region. They also suggested that a similar
interaction between human U4atac residues 72-78 and the 5’
end of Ubatac could occur (Fig. 3E). To test for the possible
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functional significance of this interaction as well as a
requirement for specific sequences in the single stranded
region, we constructed three mutants within this region, as
shown in Figure 3E, and tested them in vivo. All three
substitution mutants showed nearly wild type suppression
activity (Fig. 3F). Each of these mutants would disrupt 3 of the
7 bp between Udatac and Ubatac in the model of Jakab et al.
(22). In addition, only 4 bp can be modeled between the
Drosophila U4datac and Ub6atac snRNAs described recently
(23,24). Therefore, while our mutants in this region showed no
impairment of in vivo splicing activity, the possibility remains
that only 4 bp are sufficient for this interaction.

Comparison of human and Drosophila U4datac snRNAs
shows conservation in this region of the sequence 5’-
ACACACCC-3’ (human residues 75-82; Drosophila residues
74-81). However, as shown above, mutation of either human
residues 76-79 or 76-80 failed to inactivate U4atac snRNA
function in vivo. These results suggest that the pairing
proposed by Jakab er al. (22), if it exists at all, is probably
not essential for in vivo splicing and that this region of U4atac,
similar to the analogous region of U4, is not involved in
critical sequence specific interactions.

Recently, Johnson and Abelson (25) described crosslinks
between this region of yeast U4 snRNA and the pre-mRNA 5’
splice site that could be detected in an in vitro splicing system.
These authors did not investigate the sequence specificity of
their crosslinks, leaving open the possibility that these RNAs
are in close proximity in the spliceosome but are not involved
in a specific interaction. Futhermore, these crosslinks were
detected in an artificial trans-splicing in vitro assay rather than
a cis-splicing system. Earlier investigations of mutations of
yeast U4 snRNA in this region did not affect splicing (14). The
yeast U4 and human U4 and U4atac snRNA sequences in this
region are too divergent to align unambiguously so it is
unclear whether our mutations in this region are informative
with respect to this interaction. Nevertheless, the data of
Johnson and Abelson (25) raise the possibility that there may
be functional interactions involving this region that are not
indicated by the mutational data on either U4 or U4atac
snRNAs.

3’ Stem-loop

Next, we examined the role of the 3’ stem-loop element of
U4atac snRNA. Also called the central stem—loop in U4
snRNA, this element immediately precedes the Sm protein
binding site in both U4 and U4atac snRNAs. Complete
deletion of this stem-loop element in U4 leads to a loss of
in vivo activity, suggesting that it is required for U4 snRNA
function (10,12) although it appears to be dispensable for
function in vitro (8,9). Furthermore, point mutations were
uniformly functional when assayed in vivo (14). We investi-
gated the requirement for this element in U4atac by deleting
either the distal portion (residues 92—-105) or the entire
stem—loop (residues 84-114) (Fig. 3G). Deletion of the distal
portion preserved in vivo suppressor activity while deletion of
the entire element led to a defective U4atac snRNA molecule
(Fig. 3H, lanes 2 and 3). The activity of the distal deletion
suggests that this region of the element is not involved in any
essential interactions with proteins or RNAs. The defect in the
complete deletion of the element could be due to its function
as part of the Sm protein binding signal. Sm protein binding

sites are usually flanked by either one or two stem—loop
elements (26).

Sm protein binding site

Both U4 and U4atac snRNAs have an Sm protein binding site
at the 3" end of the molecule. Investigations of the requirement
for the Sm binding site in U4 snRNA have produced
conflicting results. In some cases, there was a clear require-
ment for this element for function (10,14) while another report
suggested that it was not essential for splicing activity in an
in vitro reconstitution assay (9).

We tested the role of the U4atac snRNA Sm protein binding
site in our in vivo suppression assay. A triple mutation in this
element (Sm~) (Fig. 3G) produced a U4atac snRNA that was
almost completely inactive (Fig. 3H, lane 4). This indicates
that the Sm binding site plays an essential role in the synthesis
and/or activity of U4datac snRNA. Since the Sm protein
binding site has been shown to be required for the re-
importation of U snRNPs to the nucleus (27,28), it is possible
that the mutant U4atac snRNA studied here was inactive due
to a defect in transport to the nucleus.

CONCLUSIONS

The results presented here show that, although U4 and U4atac
snRNAs are highly diverged at the primary sequence level,
they are organized into surprisingly similar functional
domains. In particular, the stem I and stem II interactions
with Ubatac snRNA appear to be as predicted on the basis of
similarity to the U4/U6 interactions (5,19). In addition, we
have shown an in vivo functional requirement for the binding
sites of the 15.5 kDa (20) and Sm proteins. In contrast, we did
not find a functional requirement for predicted Ubatac snRNA
base pairing interactions with the single stranded region of
Udatac snRNA (22).

This similarity of functional domains has become the
dominant theme in comparisons of the minor Ul2-dependent
splicing system with the major U2-dependent system. With
few exceptions, all of the known RNA-RNA interactions
involved in U2-dependent splicing have identifiable counter-
parts in the Ul2-dependent spliceosomal system. Many of
these were predicted solely on the basis of comparisons of the
RNA sequences of the minor snRNAs (5,19,29) and have gone
on to be established experimentally (16-19,21,30,31).
Nevertheless, these two splicing systems have been inde-
pendent since at least the time of the divergence of plants
and animals more than one billion years ago (32) and
perhaps much longer (33). That these similar RNA-RNA
interactions have persisted over this long period suggests that
they are part of the fundamental mechanism of spliceosomal
splicing.
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