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Highly Diverged U4 and U6
Small Nuclear RNAs Required
for Splicing Rare AT-AC Introns

Woan-Yuh Tarn* and Joan A. Steitzt

Removal of a rare class of metazoan precursor messenger RNA introns with AU-AC at
their termini is catalyzed by a spliceosome that contains U11, U12, and U5 small nuclear
ribonucleoproteins. Two previously unidentified, low-abundance human small nuclear
RNAs (snRNAs), U4atac and U6Batac, were characterized as associated with the AT-AC
spliceosome and necessary for AT-AC intron splicing. The excision of AT-AC introns
therefore requires four snRNAs not found in the major spliceosome. With the use of
psoralen crosslinking, a UBatac interaction with U12 was identified that is similar to a
U6-U2 helix believed to contribute to the spliceosomal active center. The conservation
of only limited UBatac sequences in the neighborhood of this interaction and the
potential of U6atac to base pair with the 5’ splice site consensus for AT-AC introns
provide support for current models of the core of the spliceosome.

The majority of eukaryotic precursor mes-
senger RNA (pre-mRNA) introns contain
sequences at their 5’ and 3’ splice sites that
conform to the GU-AG consensus. Exci-
sion of these introns occurs in a large and
dynamic complex, the spliceosome, which
is composed of Ul, U2, U4-U6, and U5
small nuclear ribonucleoproteins (snRNPs)
and a number of non-snRNP protein fac-
tors. In vitro spliceosome assembly in-
volves sequential binding of these trans-
acting factors to the pre-mRNA (I). Ini-
tially, Ul and U2 snRNPs bind the 5’
splice-site and the branch site, respectively,
through base-pairing interactions. The pre-
formed U4-U6-U5 tri-snRNP subsequently
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joins the presplicing complex and establish-
es multiple snRNP-snRNP as well as pre-
mRNA-snRNP interactions. U6 is a highly
conserved snRNA that base pairs exten-
sively with U4. Displacement of U1l and U4
snRNPs during spliceosome assembly allows
U6 to base pair with the 5’ splice site and
with U2 snRNA, juxtaposing the 5' splice
site and the branch nucleotide, whose 2’
hydroxyl group serves as the nucleophile for
the first step of splicing. The reaction in-
termediates are the excised 5" exon and the
lariat intron—-3’ exon. The second transes-
terification reaction involves nucleophilic
attack at the 3’ splice junction by the 3’-
hydroxyl of the liberated 5" exon, yielding
the ligated exons and the lariat intron.

A minor class of pre-mRNA introns
(AT-AC introns) has been found in meta-
zoan genes (2, 3) including the gene P120,
which codes for a proliferation-associated
nucleolar protein in several mammals.
Their 5’ splice site and branch site consen-
sus sequences arer ATATCCTT and TC-



CTTAAC, respectively (2), suggesting (2)
that they might be recognized by the low-
abundance Ul1 and U12 snRNPs, which
have been characterized in human (4). We
recently established a Hela cell in vitro
system that accurately splices a pre-mRNA
substrate containing the AT-AC intron of
the human P20 gene (5). Splicing occurs
through a lariat intermediate, suggesting
that the mechanism of AT-AC intron re-
moval resembles that used by the major
class of pre-mRNA introns and self-splicing
group Il introns. Assembly of AT-AC splic-
ing complexes involves the low-abundance
Ul1l and U12 snRNPs and one or more
variants of the U5 snRNP. Both in vivo
genetic suppression experiments and in
vitro psoralen crosslinking indicate that
U12 snRNA does indeed base pair with the
branch site of the P120 AT-AC intron,
very likely bulging the reactive A residue
from the duplex before the first catalytic
step of splicing (5, 6). Our previous results
implicate the phylogenetically invariant
loop 1 of U5 snRNA in aligning the exons
of the P120 intron for ligation, as in the

major spliceosome (5). The Ull snRNP
associates with the Ul12 snRNP (7) and
with the AT-AC spliceosome (5), but its
precise function has not yet been assigned.

The lack of U4 and U6 snRNAs in the
AT-AC spliceosome predicted the existence
of lower abundance analogs in metazoan
cells (5). Here, we report the identification
of two highly divergent human snRNAs,
U4atac and U6atac, that are present in and
required for function of the AT-AC spliceo-
some in HelLa cell extracts. The similarity
of the predicted secondary structure of the
U4atac-Ubatac to that of the U4-U6
snRNA complex argues for comparable
roles in the splicing of pre-mRNAs. With
a 2'-O-methyl oligonucleotide-blocking
strategy, we examined the participation of
Ue6atac with U12 RNA in dynamic inter-
molecular interactions in the AT-AC splice-
osome. QOur results suggest that analogous
RNA-RNA interactions are formed at the
core of the AT-AC and major spliceosome,
despite the participation of at least four
distinct snRNPs.

Human U4atac and U6atac snRNAs. In

our strategy to isolate as yet unidentified
snRNP components of the AT-AC spliceo-
some, we assumed that the U6 RNA analog
would share distinctive properties with U6
snRNA, such as its y-monomethyl cap struc-
ture and its ability to base pair with another
snRNA, the U4 analog. We did not rely on
homology screens that use U4 and U6
probes because Ul1 and U12 sequences are
unrelated to those of Ul and U2, respec-
tively (4). Antibodies to methyladenosine
triphosphate (anti-meATP) which recog-
nize the y-monomethyl guanosine triphos-
phate (meGTP) cap structure of human 7SK
and U6 RNAs, had been reported to immu-
noprecipitate several low-abundance RNAs
from HelLa cells (8). We used these antibod-
ies to probe RNAs associated with the AT-
AC spliceosome that had been affinity-se-
lected from an in vitro splicing reaction with
a biotinylated 2'-O-methyl oligonucleotide
complementary to the 3’ exon of the P120
substrate. RNAs recovered by immunopre-
cipitation with anti-meATP were 3’ end-
labeled with [*2P]cordycepin. As a control,
a splicing reaction lacking the P120 pre-
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Fig. 1. Identification of human U4atac and UBatac snRNAs. (A) The splicing reaction mixture (400 wl) containing

'-110
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1 2

U2b 2'-0O-methyl oligonucleotide—pretreated Hela nuclear extract was incubated for 4 hours (5) in the presence
of 20 nM nonradioactive P120 pre-mRBNA and 0.5 uM biotinylated 2’'-O-methyl oligonucleotide (Bio-oligo),
complementary to the P120 3' exon. The reaction was exposed to preblocked streptavidin agarose (43); the
selected RNAs (44) were recovered and immunoprecipitated with anti-meATP. UBatac RNA complexed to its

associated RNA, U4atac, was obtained by avoiding heat-denaturation until electrophoretic analysis. The immunoprecipitated RNAs were 3’ end-labeled with
[®2P]cordycepin [(5) and references therein] and fractionated on a 6 percent polyacrylamide gel (lane 2). Lane 1 shows the control reaction omitting the P120
pre-mRNA. For lane 3, high amounts of Udatac and UBatac candidate RNAs were obtained by subjecting Hela whole-cell extract directly to immunopre-
cipitation with a monoclonal antibody to Sm epitope (Y12), and the recovered RNAs were subseguently immunoprecipitated with anti-meATP. After labeling
with [*?P]pCp and fractionation on a 6 percent polyacrylamide gel (lane 3), RNAs migrating at about 130 and 125 nt were recovered from the gel and used
as templates for cDNA synthesis (70). The identities of RNA species are indicated in the middle; Pre and Pre (*) represent full-length and degraded P120
substrate, respectively. Molecular sizes are indicated in nucleotides. (B) Nuclectide sequences and a predicted secondary structure of the U4atac-UBatac
snRNA complex. U4atac and UBatac residues that are identical to human U4 and U6 are indicated in purple. The Sm binding site of U4atac RNA is shaded.
Arrows indicate the major psoralen crosslinked sites in the U4atac-UBatac RNA complex (see Fig. 2). Intermolecular stems | and Il are labeled. The GenBank
accession numbers for the U4atac and UBatac snBNA sequences are U62822 and UB2823, respectively.
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mRNA was treated in parallel. Two RNAs
[of approximate lengths 130 and 125 nu-
cleotides (nt)] were specifically immuno-
precipitated from the selected spliceosome
(Fig. 1A, lane 2). Because assembly of the
P120 spliceosome is inefficient and its
constituents are relatively low in abun-
dance, highly abundant snRNAs contam-
inated the recovered RNAs (9); they also
appeared in the fraction lacking the P120
pre-mRNA (Fig. 1A, lane 1).

Amounts of these two candidate snRNAs
adequate for analysis were then obtained by
sequential immunoprecipitation of a HelLa
cell extract with anti-Sm (Y12) and anti-
meATP (Fig. 1A, lane 3). RNAs migrating
at ~130 and ~125 nt were recovered from
the gel and their sequences were determined

- U4+/U6+

404 - 'g

309 -

242-
217 -

201 -
190 -
180 -

160 -

147 -

123- ® - Ubatac
1273 475

Fig. 2. Psoralen crosslinking of U4atac and
UBatac RNAs. Hela nuclear extract was incubat-
ed under splicing conditions without addition of
pre-mRNA substrate for 30 minutes. AMT psor-
alen was added to a final concentration of 20
ng/ml. One-fifth of the reaction was removed
without any further treatment (lane 1), and the
remainder was irradiated with 365-nm light on ice
for 10 minutes. Recovered RNAs were divided
into four fractions, followed by incubation with
RNase H alone (lane 3) or RNase H plus 1 pg of
deoxyoligonuclectide U4*A complementary to
nucleotides 63 through 82 of U4atac (lane 4) or
U6*B complementary to nucleotides 61 through
79 of UBatac (lane 5). RNAs were fractionated on
a 6 percent polyacrylamide gel and transferred
onto a nylon membrane. The blot was hybridized
with an anti-UBatac riboprobe. The procedures
for psoralen crosslinking, RNase H digestion, and
Northern blot analysis were essentially according
to (5). Udatac and UBatac are represented by U4x
and U6= in the figure.
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by a cDNA synthesis and cloning procedure
(10). Figure 1B shows these two previously
unidentified RNA sequences in a predicted
secondary structure, which is similar to that
of U4-U6, as deduced by Brow and Guthrie
(11); thus, we refer to the 131-nt RNA (12)
and the 125-nt RNA as U4atac and Ubatac,
respectively.

U4atac and U6atac exhibit only 40 per-
cent sequence similarity with human U4
and U6 RNAs, whereas human and yeast
U6 are ~60 percent conserved (I1).
Stretches of four or more identical nucleo-
tides shared by human U4atac and U4 or
Ubatac and U6 are highlighted in Fig. 1B
(13). The conserved nucleotides in U4atac
RNA are dispersed along the molecule; the
first stem-loop of U4atac, which protrudes
from the two intermolecular helices formed
with U6atac, almost perfectly matches the
length of the stem and the size of the loop
found in U4 RNA (14). In contrast, the
conserved nucleotides of U6atac RNA are
clustered in fewer regions (Fig. 1B). Com-
parison of Ub6atac with all known U6 se-
quences reveals conserved nucleotides (15)
just upstream of and within the region pre-
dicted to base pair with U4atac. At a posi-
tion 5 to the universal AGAGA sequence
in all U6 RNAs, Ubatac does not have
ACA but instead contains AAGGA, which
is perfectly complementary to the sequence
4 to 8 nt downstream of the 5’ splice site of
AT-AC introns (2). Single-stranded re-
gions near the 3’ end are characteristic of
U6 snRNAs when they interact with U4
snRNAs; this region includes three stretch-
es of sequence conserved between human
Us6atac and U6 (Fig. 1B). However, unlike
all other U6 snRNAs, Ubatac lacks a stem-
loop at its 5 end but contains two potential
stem-loop structures near its 3’ end when
complexed with U4atac. U6atac, like U6
and 7SK, terminates with a stretch of U
residues, probably reflecting its transcrip-
tion by RNA polymerase I11 (14). Previous-
ly, Reddy and colleagues showed the
“~130-nt” RNA (now identified as Ubatac;
125 nt) to be present at about 1/100 the
level of U6 RNA in Hela cells and to
contain the y-monomethylG-cap structure
(8). Judged by Northern (RNA) blot anal-
yses, Ubatac is about three times as abun-
dant as U4atac in Hela cells (16). Thus,
the levels of Ubatac and U4atac are in
agreement with those of two other AT-AC
spliceosomal snRNAs, Ul1 and U12 (4).

Base-pairing  interactions  between
U4atac and U6atac snRNAs. The ability of
U4 and U6 snRNAs to form a two-snRNP
complex has been demonstrated by a num-
ber of approaches, including psoralen
crosslinking, electrophoretic analyses of
snRNP and RNA complexes, and glycerol
gradient sedimentation (11, 17-19). Be-
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cause comparable base-pairing interactions
were predicted by the sequences of U4atac
and Ubatac, we asked whether the complex
of these two snRNAs could be captured by
psoralen crosslinking. Nuclear extract was
incubated under splicing conditions without
addition of pre-mRNA and then irradiated
on ice with 365-nm light in the presence
of the water-soluble psoralen derivative
4'-aminomethyl-4,5',8'-trimethylpsoralen
(AMT) (5). A Northern blot probed with
antisense Ubatac revealed a slowly migrat-
ing band (U4#/U6*; asterisk represents
atac) specifically induced by psoralen (Fig.
2, lane 2). The identity of the crosslinked
molecules was confirmed by ribonuclease H
(RNase H) digestion in the presence of
antisense oligonucleotides to U4atac or
Ubatac (lanes 4, 5), providing biochemical
evidence for U4atac-Ubatac interaction.
We next analyzed the crosslinked posi-
tions by primer extension blockage using
oligonucleotides complementary to the 3’
end of Ubatac and U4atac as primers (16).
With the U6atac primer, the gel-purified
U4#/U6%* crosslinked species (as indicated
in Fig. 2) produced a major stop at U*! and
a minor stop at A?%, This argues that resi-
dues C*° and probably U?> of Ubatac are
located within or adjacent to regions that
base pair with U4atac. Mapping of the
crosslinked positions on U4atac yielded
blockage at U?! (16), suggesting that U%° of
U4atac crosslinked to C*° of Uéatac (Fig.
1B). These results strongly support the
U4atac-Ubatac  base-pairing interaction
designated stem Il and are consistent with
formation of stem I, as pictured in Fig. 1B.
An alternative possibility for stem 1 is pair-
ing of nucleotides 62 to 65 of U4atac with
nucleotides 23 to 26 of U6atac. This alter-
native helix is theoretically less stable than
that shown; additional work is needed to
distinguish between these possibilities.
The calculated Gibbs free energy (AG®)
of formation of the U4atac-U6atac complex
shown in Fig. 1B is —38.6 kcal mol™! [at
37°C in 1 M NaCl; (20)], considering stem
I and stem II as a continuous double helix.
This predicted free energy is very close to
that of human and yeast U4-U6 RNA
complexes (I1). Accordingly, fraction-
ation of Hela nuclear extract in a glycerol
gradient revealed that U4atac cosedi-
mented with a portion of U6atac in frac-
tions where the much more abundant U4-
U6 bi-snRNP (12S) was also enriched
(16). We conclude that U4atac and
Ubatac RNAs form a two-snRNP complex
through base-pairing interactions.
U4atac and U6atac RNAs: Essential
components of the AT-AC spliceosome.
Previously, we showed (5) that in a HelLa
cell in vitro splicing system the P120 pre-
mRNA becomes associated with the Ul1-



U12 snRNP to form prespliceosomal A-1
and A-2 complexes (within 20 minutes).
Subsequently, the U5 snRNP—apparently
in conjunction with other factors—joins to
yield complex B (after 40 minutes). Finally,
complex C, the catalytically active spliceo-
some, becomes detectable (after 1 hour)
and accumulates.

To determine whether U4atac and Ubatac
RNAs are components of splicing complexes,
we separated reactions containing 20 nM
nonradioactive P120 pre-mRNA on a nonde-
naturing polyacrylamide gel and then per-
formed Northern blot analyses (5). Parallel
splicing reactions containing the adenovirus
pre-mRNA served as controls. Hybridization
with a U4atac probe yielded a signal in com-
plex B at 40 minutes and thereafter, but not
in any of the other splicing complexes (Fig. 3,
lanes 8 through 13). Like U4 (18, 21),
U4atac therefore appears to join the pre-
mRNA concomitantly with the U5 snRNP
and is subsequently dislodged from the splice-
osome before the first catalytic reaction.

As expected, both complexes B and C,
but not complexes A-1 and A-2, were de-
tected when the blot was hybridized with a
Usbatac probe (Fig. 3, lanes 20 through 25).
The USatac antisense probe also hybridized
to a fast-migrating complex representing a
free Ubatac snRNP particle. This is consis-
tent with the observation from glycerol gra-
dient analyses that a portion of U6atac, like
U6 (19), exists as a mono-snRNP in nuclear
extract (16). Neither the U4atac nor U6atac
probe reacted with splicing complexes as-
sembled on the adenovirus pre-mRNA
(lanes 3 and 4 and 15 and 16), which strong-
ly hybridized with antisense RNA probes
to U4 and U6 (5). The association of
U4atac and U6atac RNAs with the P120

pre-mRNA during splicing was confirmed

Fig. 3. Northern blot u12

Udatac

by Northern blot analyses of the affinity-
selected P120 spliceosome (16). We con-
clude that Ubatac is incorporated into
splicing complexes in conjunction with
U4atac (and probably U5) and then re-
mains associated with the catalytically ac-
tive spliceosome.

We next asked whether U4atac and
Usbatac snRNAs are essential components
of the AT-AC spliceosome. Because the 5’
end of Ubatac RNA contains an AAGGA
sequence that potentially recognizes the 5’
splice site of AT-AC introns (Fig. 1B), we
tested the ability of an oligonucleotide that
sequesters this region to block splicing. As
shown in Fig. 4, P120 splicing was inhibited
in extract preincubated with the 2'-O-
methyl oligonucleotide U6*, ,, (lane 4),
whereas splicing of the adenovirus substrate
was not affected (lane 13).

We also pretreated the nuclear extract
with the 2'-O-methyl oligonucleotide
U12,_, which is complementary to the
extreme 5’ end of U12 RNA. Splicing of the
P120 but not the adenovirus pre-mRNA was
blocked (Fig. 4, lanes 3 and 12), suggesting
that this phylogenetically conserved region
of U12 snRNA (22) plays a crucial role in
splicing, perhaps through its interaction
with Ubatac (see below). Previously, we had
shown that in vitro P120 splicing was inhib-
ited in extracts pretreated with the 2'-O-
methyl oligonucleotide U12,, 5 [(5) and
Fig. 4, lane 2], which blocks the adjacent
region of U12 that is complementary to the
intron branch site.

So far, direct contact of U4 snRNA with
pre-mRNA has not been observed, and it
has been argued that U4 does not partici-
pate in catalysis by the major spliceosome
(23). For these reasons, destruction of
U4atac RNA in the extract, rather than

Ubatac

analyses of splicing com- P120 'Ade
plexes assembled onthe o2 3 - +
P120 pre-mRNA. Splic- c-ER

ing reactions were per-
formed in a U2-blocked
extract for the indicated
times [minutes (') or
hours] in the absence
(lane 5; 4 hours) or in the
presence (lanes 6 to
14) of 20 nM P120 pre-
mRNA. Lane 14 shows a
4-hour reaction lacking
ATP. Control reactions
were performed in un-
treated Hel a extracts for
20 minutes ‘in the ab- 152
sence (lane 3) or in the

B-B 8

A-1
A-2- ﬁ -

- 100°20'40'1 152 3 4 W - +

r
P120 Ade P120 @

1
N3

- 10'20'40'1 152 3 4 »
SEER
AN EN

!

3 4 5 6 7 8 9 10 11 1213 1415 16 17 18 19 20 21 22 23 24 25 26

presence (lane 4) of 75 nM adenovirus pre-mRNA. Complexes were separated on a native gel and
transferred onto a nylon membrane (5). The blot was previously hybridized with several probes including
anti-U12 (lanes 1 and 2) (5). Hybridization with antisense U4atac and UBatac riboprobes was carried out
according to (5). The identities of P120 complexes as determined previously (5) are indicated at the left.
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2'-O-methyl oligonucleotide sequestration,
was used to examine whether U4atac is
essential for P120 splicing. The extract was
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Fig. 4. Effects of 2’-O-methyl oligonucleotides on
splicing. Before addition of splicing substrate, U2-
blocked nuclear extracts were preincubated under
splicing conditions for 10 minutes in the absence
(lane 1) or in the presence of 2'-O-methyl oligonu-
cleotides (0ligo) as follows: 0.5 pM U12,,_,, (lane
2), 0.5 pM U12,_ 4 (lane 3), 0.5 pM UBx,_,, (lane
4), or 5 uM UB,,_ 4 (lane 5) or for 30 minutes in the
absence (lane 6) or in the presence of RNase H
(0.025 U/pl) (Boehringer Mannheim; lane 7) or
RNase H plus deoxyoligonucleotide U4xA (25 ng/
wl) (lane 8; see the legend to Fig. 2). Uniformly
labeled P120 pre-mRNA was then added and in-
cubation continued for 4 hours. In parallel, normal
nuclear extracts were preincubated in the absence
(lane 9) or in the presence of 2’-O-methyl oligonu-
cleotides as described above (lanes 11 to 17); lane
10 shows pretreatment carried out in the presence
of 5 uM 2’-O-methy! oligonucleotide U2b. Adeno-
virus (Ade) pre-mRNA was then added and incu-
bation continued for 1.5 hours. Preparation of
splicing substrates and splicing conditions were as
described previously (5). RNAs recovered from
splicing reactions were analyzed on 8 percent poly-
acrylamide gels. The identities of the RNA species
are indicated on the left by symbols as shown
previously (5). The asterisk represents degraded
P120 substrate fragments comigrating with the
lariat intermediate.
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2
treated with RNase H in the presence of
oligonucleotide U4*A, which is comple-
mentary to a mostly single-stranded region
of U4atac (nucleotides 63 to 82), for 30
minutes under splicing conditions. Reduc-
tion of U4atac snRNA in the U4*A-treat-
ed extract to an undetectable level (16)
resulted in inhibition of splicing of the
P120 pre-mRNA, but not the adenovirus
pre-mRNA (Fig. 4, lanes 8 and 17). To-
gether, these results suggest that both
U4atac and U6atac RNAs are essential for
P120 splicing. Except for U5, a distinct set
of snRNPs appears to participate in removal
of an AT-AC intron from a pre-mRNA.
Psoralen crosslinking of Ue6atac
snRNA to Ul2 snRNA. In the major
spliceosome, U6 forms several distinct base-
pairing interactions with U2, one of which
is incompatible with U4-U6 interactions
and may contribute to the catalytic core
(24, 25). The disengagement of U4atac
from Ubatac before complex C formation
(Fig. 3) hinted that comparable interactions

Fig. 5. Psoralen cross- A
linking of U12 and UBatac

=

between Ubatac and other components of
the AT-AC spliceosome may occur. In par-
ticular, the 5" end of U12 snRNA, which is
essential for P120 splicing (Fig. 4), might be
expected to interact with Ubatac. We used
psoralen crosslinking to examine whether
Ubatac and Ul2 RNAs form base-pairing
interactions during P120 splicing.

The P120 pre-mRNA was incubated un-
der splicing conditions and samples of the
reaction mixture were removed at intervals
and irradiated on ice with 365-nm light in
the presence of AMT psoralen. RNAs ex-
tracted from these samples were fractionat-
ed on a gel and identified by Northern blot
analysis. Hybridization with a U12 probe
detected several slowly migrating bands
whose RNA content was determined by
RNase H digestion directed by oligonucle-
otides complementary to snRNAs or the
P120 intron (see below). A Ul2/pre-
mRNA crosslink (5) appeared very early (2
minutes), even in the absence of ATP (Fig.
5A, lane 8); its level remained constant

RNAs during P120 splic-
ing. (A) Splicing reactions
were performed in a U2-
blocked nuclear extract
(45) in the absence (lanes
1 and 2) or in the presence
(lanes 3 to 7) of 20 nM

B
P120 - + RNaseH- + + + + 2-O-methyl
»-.’ﬁ: 2
N @ g~ o
Oligo FPrEFTE

nonradioactive P120 pre- gg?:

mRNA. Samples removed

at the indicated times 494.

were supplemented with " SEBAS S iouea =

AMT psoralen (20 pg/ml) & - U12/U6+b .. - U12/U6+la
and irradiated on ice for 0% S B :

10 minutes with 365-nm ’ ! e | U12ve
light (except for lane 1). ok

The minus ATP reaction  242°

was performed as the re- 217 - ™

action in lane 6 except 201-

that ATP was omitted 1a9-

(lane 8). Recovered RNAs o

were fractionatedona 6 459 8

percent polyacrylamide

gel and transferred onto 147 - -u12

a nylon membrane. Hy-

bridization with an anti- -Ui2

U12 riboprobe was car- 404 -
ried out as described 1
previously (5). The identi-

ties of crosslinked RNAs were determined in (B). The asterisk represents RNAs cross-reacting with the anti-U12
probe. (B) A splicing reaction was performed as in lane 6 of (A). After psoralen crosslinking, recovered RNAs
were divided into five fractions, followed by incubation with RNase H alone (lane 2) or RNase H plus 1 pg of
oligonucleotide complementary to the P120 intron [P110; see (5)] (lane 3), U12 [9C; (4)] (lane 4), or UBatac
(U6=B; see the legend to Fig. 2) (lane 5). For lanes 6 and 7, the U2-blocked extracts were preincubated in the
presence of 0.5 uM 2’-O-methyl oligonucleotide U12,, .4 (lane 6) or U12,_, 4 (lane 7) under splicing conditions
for 10 minutes. P120 pre-mRNA was subsequently added and incubation continued for 30 minutes. Psoralen
crosslinking and Northern blot analysis were performed as described in (A). (C) A large-scale splicing reaction

'“" | W - U406

e a 405 8 7 B
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through 3 hours of incubation (lanes 3 to 7)
(16). Two crosslinked species identified as
containing U12 and U6atac (U12/U6*, see
below) initially appeared weakly, but then
increased, reaching a plateau before the
appearance of splicing intermediates (~1
hour) (5) and remaining steady thereafter
(lanes 3 to 7) (16). There was no significant
difference in the kinetics of formation of
these two Ul2/U6atac crosslinks. A maxi-
mum of 1 percent and 0.3 percent of Ul2
snRNA was detected in Ul12/U6*la and
U12/U6%Ib, respectively. Even without ad-
dition of substrate, weak crosslinking of
Ul2 to Ubatac was detected in nuclear
extract (lane 2), but not in S100 extract
(16); this probably reflects a small amount
of AT-AC spliceosome endogenous to the
nuclear extract. The U12/U6x*la crosslink
was stimulated 10-fold compared with its
endogenous level by the presence of 20 nM
P120 substrate, whereas the level of the
U4*/U6# crosslink slightly decreased (Fig.
5A, bottom). A decline of U4*/U6* during

1SS T Y 8D

(0.25 ml) was performed as in lane 6 of (A). After crosslinking, recovered RNAs were mixed with 0.5 nmol of biotinylated 2'-O-methyl oligonucleotide U12C
(7) and subjected to affinity selection with streptavidin agarose (43). The two U12/U6+ crosslinked species were gel-purified. The crosslinked sites of
U12/U6B+la (lane 6) and U12/U6G*Ib (lane 7) were mapped on U12 snBNA with oligonucleotide 9P (4) as primer. Primer extension blockage was also performed
on total RNA isolated from a splicing reaction without (lane 8) or with (lane 9) ultraviolet irradiation. Dideoxy sequencing reactions also used oligonucleotide
9P as primer and HeLa Sm RNA as template (lanes 1 to 5). Band x represents a stop obtained even without ultraviolet irradiation.
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spliceosome assembly may reflect the un-
winding of U4atac from Ubatac.

RNase H digestion directed by antisense
deoxyoligonucleotides was used to identify
the various psoralen crosslinked species.
The slowest migrating band (U12/pre) was
targeted by oligonucleotides complementa-
ry to the P120 intron or U12 RNA (Fig. 5B,
lanes 3 and 4). The bands labeled U12/
U6xla and U12/U6*Ib were specifically de-
graded in the presence of oligonucleotides
complementary to either Ul2 or U6atac
RNA (lanes 4 and 5). None of the
crosslinks was targeted by RNase H in the
presence of oligonucleotides complementa-
ry to Ul1, U5, or U4atac RNA (16).

Localization of the crosslinks on U12
snRNA was investigated first by sequester-
ing different regions of Ul2 with 2’-O-
methyl oligonucleotides. Oligonucleotides
complementary either to the branch site—
binding sequence (U12,, ,4) or to the 5’
end (U12, () of Ul2 snRNA, had been
shown in Fig. 4 (lanes 2 and 3) to inhibit
P120 splicing. In the Ul2,, ,pretreated
extract, vigorous crosslinking of U12 to the
splicing substrate and to U6atac was inhib-
ited; only trace amounts of endogenous, sub-
strate-independent U12/U6xla were detect-
ed (Fig. 5B, lane 6). In contrast, oligonucle-
otide U12, | blocked the increase of both
U12/Ub* crosslinks but not the Ul2/pre
crosslink (lane 7); it also effectively compet-
ed the low level of endogenous U12/U6atac
crosslinks. These observations indicate that
U12 uses its 5” end to base pair with U6atac
after binding to the intron branch site.
Analogous experiments performed with 2'-
O-methyl oligonucleotides complementary
to nucleotides 25 to 38 of U12 or nucleo-
tides 1 to 11 of Ubatac had no effect, argu-
ing that none of the crosslinks observed
arises from a potential U12-Ubatac helix 111
(Fig. 6B, upper; also see below).

Primer extension-blockage analysis was
used to locate the crosslinked nucleotides on
U12 snRNA with a primer complementary
to the 3’ end of Ul2. Crosslinked species
U12/U6*]a and U12/U6*Ib were isolated by
affinity selection with a biotinylated 2'-O-
methyl oligonucleotide U12C (7), followed
by gel fractionation. In the U12/U6%la
crosslink, primary stops occurred down-
stream of nucleotides C'"', U, and U
(Fig. 5C, lane 6). The band labeled x (prob-
ably at nucleotide A®) may represent an
aborted primer extension product, because it
was detected even without ultraviolet irra-
diation (lanes 1 to 5, and 8). Analysis of the
minor crosslinked species, U12/U6xIb,
mapped blockage to the nucleotide down-
stream of U? (lane 7). These results were
reproduced in several experiments.

Primer extension analyses were also per-
formed to identify nucleotides in U6atac
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RNA that became crosslinked. Because
U4x/U6+ migrated close to U12/U6*[a, it
was necessary first to disrupt the former
complex by RNase H in the presence of an
oligonucleotide complementary to U4atac.
Mapping the blockages on U6atac RNA
yielded very faint bands buried under a
smear in several experiments (16). Never-
theless, the results reproducibly suggested
crosslinked sites at U?*, C?8, and C*° in
U12/U6x*la, whereas only C*° could be de-
tected as a crosslinked position in U12/
U6#Ib. These data confirm the formation of
an intermolecular helix (or helices) be-
tween the 5 end of Ul2 snRNA and a
region of Ubatac where the nucleotide se-
quence is conserved with U6 snRNA.

Figure 6B (upper) shows a model of U12-
Ub6atac base-pairing interactions in the
AT-AC spliceosome and summarizes our
biochemical evidence for helix I (the first
for any spliceosome). Mapping of the pre-
dominant crosslinked sites in U12/U6*]a to
nucleotides C'"', U'2 and UP of U12
snRNA and to nucleotide U** of Ubatac
RNA (26) suggests a structure analogous to
U2-U6 helix Ia in the major spliceosome
(Fig. 6B, lower). In U12/U6x*Ib, nucleotide
U? of Ul2 appears to crosslink to nucleo-
tide C* of U6atac, consistent with forma-
tion of a helix closely resembling U2-U6
helix Ib (Fig. 6B).

snRINA-snRNA interactions in the AT-
AC spliceosome. The discovery of two low-
abundance snRNAs, U4atac and U6atac,
brings the number of snRNAs associated
with the AT-AC spliceosome to five, just as
in the major spliceosome. U12, U4atac, and
USbatac appear to be functionally analogous
to U2, U4, and U6 snRNAS; a direct role of
U11 has not yet been identified; U5 appar-
ently functions identically in both spliceo-
somes. All of the four low-abundance
snRNAs in the AT-AC spliceosome are dis-
tinct RNAs, not minor sequence variants of
their counterparts in the major spliceosome,
although they can be folded into similar
secondary structures (4) (Fig. 6A). Neither
Ull nor Ul2 shares significant sequence
identity with U1 or U2 (4). In contrast, the
U4atac and Ubatac sequences exhibit some
similarity to human U4 and U6 RNAs, re-
spectively. In particular, over 32 nucleotides
in its central region, Ubatac is ~80 percent
identical to all other U6 RNAs (Figs. 1B
and 6A), presumably reflecting a critical
function in splicing. In the (predicted) mo-
nomeric secondary structures of U6 and
US6atac RNAs (Fig. 6A, left), these con-
served nucleotides appear in quite different
envirénments, whereas in the bi-snRNP
with U4 or U4atac, they all reside within or
immediately adjacent to the two intermo-
lecular helices (Fig. 6A, right). The 5’
splice site recognition sequence of U6
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[ACA (27)] and the putative comparable
region of Ubatac (AAGGA) are both po-
sitioned upstream of stem I in a single-
stranded portion of the bi-snRNP structure.
These observations are consistent with the
notion that U4atac, like U4 (25), func-
tions as an RNA chaperone, facilitating
the presentation of U6atac in a conforma-
tion poised to participate in 5" splice site
recognition upon assembly into the AT-
AC spliceosome.

In the AT-AC spliceosome, the extraor-
dinarily conserved nucleotides of U6atac,
which overlap those that base pair with
U4atac, are involved in the formation of
U12-U6atac helix I (Fig. 5) and perhaps an
intramolecular Ubatac stem-loop (Fig. 6B,
upper). These structures are comparable
with those in the major spliceosome and
predict that unwinding of U4atac from
Ubatac will be required for activation of the
AT-AC spliceosome. This scenario is con-
sistent with the lack of U4atac in complex
C (Fig. 3) and the observation that the
U4x/U6% crosslink decreases gradually in
concert with the appearance of U12/U6%
crosslinks during splicing (Fig. 5). We con-
clude that U4atac RNA, like U4 (28),
serves as an antisense negative regulator of
the splicing reaction.

Our analyses have demonstrated that
both Ul2/U6atac crosslinks Ia and Ib in-
volve the 5" end of Ul2 and the highly
conserved central region of Ub6atac, provid-
ing evidence that a presumptive spliceoso-
mal active site configuration can be cap-
tured by psoralen crosslinking. Results of
psoralen crosslinking revealed trace amounts
of a Ul2-Ubatac interaction in nuclear ex-
tract without addition of substrate (Fig. 5A),
reminiscent of a U2-U6 base-pairing inter-
action that is readily demonstrable in HeLa
nuclear extract but not in S100 extract un-
less supplemented with Ser-Arg—rich (SR)
proteins (29). This U2-U6 interaction,
called helix I, involves the 5’ end of U2
and the 3’ end of U6 and has been demon-
strated by crosslinking and genetic suppres-
sion experiments for the major spliceosome
(30). In the AT-AC spliceosome, a helix
[I-like duplex cannot form because the 5’
end of Ul2 is truncated (relative to U2).
Because the high background of crosslinks
analogous to U2-U6 helix Il is therefore
lacking, the formation of Ul2/U6atac
crosslinks were readily observed upon addi-
tion of the P120 pre-mRNA.

By sequestering snRNA sequences with
2'-O-methyl oligonucleotides before psor-
alen crosslinking, we have deduced the or-
der (or dependence) of Ul2 interactions
with the substrate and with Ub6atac. We
conclude that U12 must first bind to the
P120 intron to permit Ubatac binding and
base pairing with U12 snRNA. In addition,
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a Ubatac/pre-mRNA crosslink has been ob-
served by psoralen crosslinking (16). Our
preliminary results suggest that this interac-

tion, which may involve the 5’ end of
US6atac RNA, can occur before the forma-
tion of U12-U6atac helix I (16). A model

of dynamic snRNA-snRNA interactions in
the AT-AC spliceosome emerges: Ubatac
binds to the pre-mRNA together with
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U4atac; the unwinding of U4atac triggers
the interaction between U12 and U6atac,
which then contributes to the catalytic cen-
ter of the spliceosome.

By psoralen crosslinking, we have provid-
ed biochemical evidence for the existence of
the two helical stems (Ia and Ib) that com-
pose Ul2-Ubatac helix I (Fig. 6B, upper).
Helix Ia brings together nucleotides just up-
stream of the intron branch site-binding
region of U12 with a region of U6atac just
downstream of the putative 5’ splice site
recognition sequence. This U12-U6atac in-
teraction could thereby serve to juxtapose
the two reactants, the 5’ splice site and the
bulged branch nucleotide, for the first
chemical reaction of AT-AC intron splic-
ing. The extreme 5’ end of Ul2 snRNA
simultaneously interacts with the US6atac
nucleotides neighboring helix [a to form
helix Ib, linked by a dinucleotide bulge in
U12 snRNA. Thus, the U12-U6atac helix I
resembles U2-U6 helix I (Fig. 6B, lower),
first demonstrated by Madhani and Guthrie
in yeast (31). Genetic suppression analyses
suggested that this U2-U6 helix is critical
for splicing of the major class of introns; its
structure and function are reminiscent of the
catalytic domain (domain V) of group Il
introns (31, 32). The structurally analogous
helix I in the AT-AC spliceosome adds a

third example for comparison.

In U6, both mutational analyses and
phosphorothioate interference experiments
have pinpointed several residues within the
phylogenetically conserved region encom-
passing helix I in which the base or the
backbone (or both) is critical for the splic-
ing reaction (31, 33-35). Recently, U2-U6
helix Ib in conjunction with the adjacent
U6 stem-loop (33), instead of helix I alone,
has been viewed as a counterpart of domain
V of group Il introns, primarily on the basis
of the positions of two essential pro-R oxy-
gens (34). Whether the comparable phos-
phate groups in U6atac are required for
splicing remains to be tested, but the loca-
tion of the conserved AGC sequence rela-
tive to the U residue in the bulge of the
intramolecular stem-loop is almost identical
to U6, further suggesting a meaningful ho-

" mology between this- feature of the two
spliceosomes and domain V of group Il
introns. Site-specific crosslinking in HelLa
extract has revealed that the penultimate
residue (A%) of the extraordinarily con-
served hexanucleotide ACAGAG element
of U6 contacts the 5’ splice site (U?) of a
major class intron during the second step of
splicing (36) (Fig. 6B, lower). Genetic evi-
dence in yeast has further suggested that a
tertiary interaction involving the bulge of
helix I and the 3’-most G of the ACAGAG
sequence (37) is required for the second
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Fig. 6. Predicted secondary structures of hu-
man U6atac, Ud4atac-UBatac, and U12-
UBatac and comparison with their human (h)
and yeast (y) analogs in the major spliceo-
some. (A, previous page) Conserved nucle-
otides of UBatac and U6 RNAs occupy distinct
positions in the UBatac and U6 monomer
structures, whereas they lie within or upstream
of regions involved in UBatac-U4atac or U6-
U4 intermolecular base pairing in the bi-
snRNP complexes. The structures of the con-
served intramolecular U6 helix are drawn as
proposed (33). Potential RNA-RNA base pairs
are indicated by straight lines (Watson-Crick
interactions), closed squares (G=U) (wobble in-
teractions), open circles (CoA), or closed cir-
cles (G-A). Purple, UBatac nucleotides identi-
cal to either human or yeast U6 snRNA. Gray-
shaded sequence, Sm binding site. (B) Com-
parison of U12-UBatac and U2-U6 interactions
in the region where conserved nucleotides are
located. Purple, UBatac nuclectides identical
to human U6. The structure of U12-UBatac
helix | (shaded) is deduced from our crosslink-
ing experiments (Fig. 5). Arrows indicate the
major crosslinked sites on U12 and UBatac

mapped by primer extension blockage (Fig.
5C). A potential U12-UBatac helix Ill, involving

nucleotides 27 through 32 of U12 and nucleotides 2 through 7 of UBatac, is also indicated. Although two
different models of U2-U6 helix | have been proposed (37, 38), the one most closely resembling the
U12-UBatac duplex is shown here. The lightning bolt indicates the crosslink between U6 and the 5’
splice site of a major class intron determined by Sontheimer and Steitz (36) R, purines; Y, pyrimidines;
N, variable nucleotides. Undertining in both (A) and (B) denotes the U6atac or U6 nucleotides (27)
potentially involved in base pairing with the 5’ splice site; in yeast, the second underlined A of U6 base
pairs with a U in the 5’ splice site consensus sequence.
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splicing reaction. These conserved nucleo-
tides and their relative positions are very
similar in the AT-AC spliceosome (Fig. 6B,
upper), which argues for an identical geom-
etry of the two spliceosomal active sites.
Ué6atac snRNA has compensatory changes
(AAGGA instead of ACA) needed to rec-
ognize the 5’ splice site consensus sequence
of AT-AC introns; this reinforces the idea
that a Ubatac-5' splice site interaction oc-
curs during splicing.

A potential Ul2-Ubatac interaction is
also shown in Fig. 6B (upper) (called helix
[II) that involves sequences upstream of the
5 splice site binding element of Ubatac and
downstream of the branch binding site of
U12. The results of genetic suppression ex-
periments in human cells have led Sun and
Manley (38) to argue that the nucleotides in
the U2-U6 helix Ib participate instead in a
U6 intramolecular interaction that, in con-
junction with U2-U6 helix Ia and helix III,
yields a structure more closely resembling
the catalytic domain of the hairpin ri-
bozyme. Although a potential U2-U6 helix
III structure had been earlier noted in sev-
eral species (39), it may not contribute sig-
nificantly to splicing in yeast (Saccharomyces
cerevisiae) (40). Moreover, the sequence of
Uéatac participating in helix III is not sim-
ilar to that of U6 RNA, nor is the predicted
interaction as long as U2-U6 helix III.
Nonetheless, U2 and U6 as well as U12 and
U6atac snRNAs could interact dynamically
to remodel the active site between the two
chemical steps of splicing (38). Even though
helix III has not been detected in our
crosslinking experiments (despite sites that
appear ideal for psoralen intercalation), it
should be tested by genetic suppression ex-
periments used elsewhere (6, 30, 38).

The existence of a distinct low-abun-
dance spliceosome in human cells raises
questions concerning its evolutionary rela-
tionship to the well-studied yeast and hu-
man major spliceosomes. The components
of the AT-AC spliceosome and its sub-
strate, AT-AC introns, exhibit several fea-
tures more similar to yeast than to mamma-
lian pre-mRNA splicing systems. (i) The 5’
splice site and branch site consensus se-
quences of AT-AC introns are strictly con-
served (2) and lack a long stretch of pyrim-
idine residues adjacent to the 3’ splice site,
much like yeast introns. (ii) U4atac snRNA
lacks a third stem-loop like yeast U4 RNA
(41), leaving the sequence downstream of
the Sm binding site unusually single-strand-
ed; the putative structure of the monomeric
Ub6atac snRNA likewise more closely re-
sembles that of yeast U6 RNA (Fig. 6A).
(iii) In the AT-AC spliceosome, the lack of
a Ul12-Uéatac helix equivalent to U2-U6
helix II is reminiscent of the functional
redundancy of helix II in the presence of
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helix Ib in yeast (42). The superficial sim-
ilarities between the AT-AC spliceosome
and its yeast counterpart might be ex-
plained by evolutionary constraints on
function. Alternatively, the realization that

U

6atac is more divergent from human U6

than yeast U6 is from human U6 suggests
the co-evolution of these newly identified
snRNAs with their respective intron sub-
strates. Because AT-AC introns have been

fo

und exclusively in metazoa so far (2, 3),

this second, low-abundance spliceosome

m

ay exist only in higher eukaryotic cells.

Additional examples of the constituent
snRNAs will be needed to trace the lineage
of the AT-AC spliceosome.
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