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The discovery of a second type of spliceosomal intron
in the genomes of many multicellular eukaryotes raised
the exciting possibility of comparing the structural and
functional features of the two splicing systems with the
hope of shedding light on important features of each
(Tarn & Steitz, 1997)+ This hope was amply fulfilled with
the discovery of the parallel roles played in the two
systems by the respective sets of spliceosomal snRNAs+
The initial identification of functions for the previously
known U11 and U12 snRNAs (Hall & Padgett, 1994;
Tarn & Steitz, 1996b) was magnified by the discovery
of the novel U4atac and U6atac snRNAs (Tarn & Steitz,
1996a)+ The similarities of these latter two snRNAs to
the U4 and U6 snRNAs of the major splicing system
were apparent and led to detailed comparisons of the
features of these RNAs and their interactions (Tarn &
Steitz, 1996a)+ For both the U4/U6 pair and the U4atac/
U6atac pair, a similar secondary structure was pro-
posed involving two intermolecular base paired helical
regions termed stem I and stem II, separated by an
intramolecular stem-loop structure in both U4 and
U4atac (Fig+ 1A,B)+ Although the stem II interactions
appeared to be very similar in both structures, the stem
I interaction in the U4atac/U6atac structure was shorter
and differently arranged than in the U4/U6 structure+

In the course of experiments on the function of U4atac,
we noted that the sequence of the U4atac clone ob-
tained from the Steitz laboratory differed in two places
from the published sequence (Shukla & Padgett, 1999)+
The published sequence shows a C at position 60 and
a G at position 61 whereas the clone contains a G at 60
and a C at 61 (see Fig+ 1B,C)+ A BLAST search of the

draft human genome sequence confirmed that the ge-
nomic sequence of U4atac matched the clone se-
quence and not the published sequence+ Although this
error has been corrected in the GenBank entry for
U4atac snRNA (accession number U62822), the incor-
rect sequence has been reprinted numerous times in
review articles (Tarn & Steitz, 1997; Burge et al+, 1999;
Wu & Krainer, 1999; Yu et al+, 1999)+

A further consequence of this error is that the pub-
lished structure of stem I in the U4atac/U6atac struc-
ture is probably incorrect+ When the correct sequence
of U4atac is used, a longer stem I base pairing inter-
action is possible that closely resembles the stem I
pairing seen in U4/U6 (Fig+ 1C)+ As with the U4atac
primary sequence, the original structure has been re-
printed in several reviews of splicing (Tarn & Steitz,
1997; Burge et al+, 1999;Wu & Krainer, 1999; Yu et al+,
1999)+ Our goal here is to highlight this new model of
the U4atac/U6atac interaction+

Using the corrected sequence, the U4atac/U6atac
stem I can now be drawn with 7 bp instead of the
original 4 bp (Fig+ 1B,C) similar to the 8 bp in the U4/U6
stem I (Fig+ 1A)+ In both models, the stem I structures
now include equivalent regions of U6 and U6atac+ The
sequence in stem I, UUAGCA, is identical in U6 and
U6atac (boxed residues in Fig+ 1)+ These bases include
residues involved in the helix Ia and Ib interactions with
U2 and U12, respectively, including the highly con-
served and functionally important U6 and U6atac AGC
sequences+ The stem I residues of U4 and U4atac,
UGCUAA, are likewise identical in humans+ Consider-
able evidence suggests that the unwinding of the U4/U6
and U4atac/U6atac stems are important steps in the
activation of the spliceosome (Frilander & Steitz, 2001,
and references therein)+ The close similarity of these
two base-paired structures suggests that the same splic-
ing factor(s) may be responsible for unwinding and ac-
tivation in both splicing systems+
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FIGURE 1. Sequences and secondary structures of U4/U6 and U4atac/U6atac snRNAs+ A: Model of human U4 and U6
snRNA interactions adapted from Wersig and Bindereif (1990)+ B: Original sequences and model of human U4atac
and U6atac interactions adapted from Tarn and Steitz (1996a)+ The incorrect bases at residues 60 and 61 are circled+
C: Corrected sequences and proposed model of human U4atac and U6atac interactions+ The corrected residues at
positions 60 and 61 are circled+ D: Model of Drosophila melanogaster U4atac and U6atac interactions+ The putative snRNA
sequences were identified in the Drosophila genome by Mount and Salz (2000)+ (Figure continues on facing page.)
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Although the pairing of these RNA sequences on
paper is somewhat arbitrary, we also have experi-
mental support for our new model of U4atac/U6atac
interactions+We have described an in vivo mutant sup-
pressor assay where U12-dependent splicing of a re-
porter minigene is dependent on coexpression of a
U4atac snRNA gene modified in the stem II region to

pair to a modified U6atac snRNA (Shukla & Padgett,
1999)+ Using this assay, we further modified the U4atac
gene in the stem I region and tested the resulting mu-
tants for their ability to support splicing in vivo+ Two
different double mutations that would be predicted to
disrupt the stem I interaction shown in Figure 1C were
inactive for splicing+ One of these inactive mutations

FIGURE 1. Continued.
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altered the U4atac snRNA sequence in this region to
the originally published sequence (i+e+, G60 C61 to C60

G61)+ Another mutant specifically designed to disrupt
the stem I interaction as originally proposed was, in
contrast, fully functional in vivo (G+ Shukla, A+ Cole, R+
Dietrich, and R+ Padgett, in prep+)+

Furthermore, there is phylogenetic conservation of
this potential interaction in the apparent Drosophila ho-
mologs of U4atac and U6atac snRNAs (Fig+ 1D)+ The
only deviation from the human sequence in the stem I
region is the substitution of a G-U base pair for an A-U
base pair+These findings suggest that this revised model
of the U4atac/U6atac secondary structure reflects a
functional interaction that is required for pre-mRNA splic-
ing by the U12-dependent spliceosome+

In passing, we also note that the published sequence
of U6atac snRNA (accession number U62823; Tarn &
Steitz, 1996a) differs at one position from the human
genomic sequence identified by BLAST searches+ This
is at position 52, where an A in the clone sequence is
a C in the genomic sequence+ This could represent
either a polymorphism in the U6atac snRNA gene or a
mutation introduced during cDNA cloning+ In any case,
this deviation from the genomic sequence does not
appear to have a large effect on function, as U6atac
suppressor RNA constructs containing the A at 52 are
active in vivo (Incorvaia & Padgett, 1998; Shukla &
Padgett, 1999)+

ACKNOWLEDGMENT

This work was supported by grants from the National Insti-
tutes of Health to R+A+P+

Received October 22, 2001; accepted without revision
November 14, 2001

REFERENCES

Burge CB, Tuschl T, Sharp PA+ 1999+ Splicing of precursors to mRNAs
by the spliceosome+ In:Gesteland RF, Cech T,Atkins JF, eds+ The
RNA World II+ Cold Spring Harbor, New York: Cold Spring Harbor
Laboratory Press+ pp 525–560+

Frilander MJ, Steitz JA+ 2001+ Dynamic exchanges of RNA inter-
actions leading to catalytic core formation in the U12-dependent
spliceosome+ Mol Cell 7:217–226+

Hall SL, Padgett RA+ 1994+ Conserved sequences in a class of rare
eukaryotic introns with non-consensus splice sites+ J Mol Biol
239:357–365+

Incorvaia R, Padgett RA+ 1998+ Base pairing with U6atac snRNA is
required for 59 splice site activation of U12-dependent introns in
vivo+ RNA 4:709–718+

Mount SM, Salz HK+ 2000+ Pre-messenger RNA processing factors
in the Drosophila genome+ J Cell Biol 150:F37–F44+

Shukla GC, Padgett RA+ 1999+ Conservation of functional features of
U6atac and U12 snRNAs between vertebrates and higher plants+
RNA 5:525–538+

Tarn W-Y, Steitz JA+ 1996a+ Highly diverged U4 and U6 small nuclear
RNAs required for splicing rare AT-AC introns+ Science 273:1824–
1832+

Tarn W-Y, Steitz JA+ 1996b+ A novel spliceosome containing U11,
U12 and U5 snRNPs excises a minor class (AT-AC) intron in vitro+
Cell 84:801–811+

Tarn W-Y, Steitz JA+ 1997+ Pre-mRNA splicing: The discovery of a
new spliceosome doubles the challenge+ Trends Biochem Sci
22:132–137+

Wersig C, Bindereif A+ 1990+Conserved domains of human U4 snRNA
required for snRNP and spliceosome assembly+ Nucleic Acids
Res 18:6223–6229+

Wu Q, Krainer AR+ 1999+AT-AC pre-mRNA splicing mechanisms and
conservation of minor introns in voltage-gated ion channel genes+
Mol Cell Biol 19:3225–3236+

Yu Y-T, Scharl EC, Smith CM, Steitz JA+ 1999+ The growing world of
small nuclear ribonucleoproteins+ In: Gesteland RF, Cech T, At-
kins JF, eds+ The RNA World II+ Cold Spring Harbor, New York:
Cold Spring Harbor Laboratory Press+ pp 487–524+

128 R.A. Padgett and G.C. Shukla

https://doi.org/10.1017/S1355838202017156 Published online by Cambridge University Press

https://doi.org/10.1017/S1355838202017156

