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ABSTRACT A rare class of introns with AT–AC at their
termini recently has been identified in metazoan genes. Splic-
ing of these introns requires a different set of small nuclear
ribonucleoprotein particles (snRNPs) (U11, U12, U5, and
U4atacyU6atac) compared with the snRNPs (U1, U2, U5, and
U4yU6) required for splicing the majority of pre-mRNA
introns, but otherwise little is known regarding the excision of
AT–AC introns. Here we use site-specific 4-thiouridine (4SU)
crosslinking analysis to dissect the mechanism of 5* splice site
recognition during in vitro splicing of the AT–AC intron from
the P120 pre-mRNA. Upon irradiation with 365-nm UV light,
three P120 substrates, each with a single 4SU substitution near
the 5* splice site (at position 12, 14, or 17), produce two early
ATP-independent crosslinks with similar kinetics. For one of
the substrates, P120-4SU12, a third ATP-requiring crosslink
forms as the two early crosslinks diminish. RNase H digestion
coupled with Northern blotting indicates that the two early
crosslinks generated with P120-4SU12 contain the U11 small
nuclear RNA. Reverse transcription–PCR followed by cloning
and sequencing demonstrates that the third crosslink involves
U6atac. The dynamic appearance of the three crosslinks
correlates with the kinetics of the splicing reaction and
suggests that the 5* splice site is recognized first by U11 and
then by U6atac. Our results argue that the splicing of AT–AC
introns is mechanistically similar to the splicing of the major
class of introns and that the U11 and U6atac snRNPs in the
AT–AC spliceosome fulfill analogous roles to U1 and U6,
respectively, in the major spliceosome.

Most pre-mRNAs contain introns starting with the dinucle-
otide GU and ending with the dinucleotide AG (the major
class of introns). To produce functional messages, the introns
are accurately removed through a process called pre-mRNA
splicing. Before splicing, each intron associates with five small
nuclear ribonucleoprotein particles (snRNP; U1, U2, U4, U5,
and U6) and a large, as yet undetermined, number of protein
factors (1–4) to form a multicomponent complex termed the
spliceosome. Both genetic and biochemical studies have indi-
cated that the assembly of the major class spliceosome is a
step-wise event. At early times, the U1 snRNP interacts via
base-pairing with intron sequences at the 59 splice site (5–8).
The U2 snRNP then recognizes (again via base-pairing) the
branch site of the pre-mRNA (8–11) to form a presplicing
complex. This complex is later joined by the U4yU5yU6
tri-snRNP, in which U4 and U6 are extensively base-paired to
each other. Subsequently, new RNA–RNA interactions are
created within the assembled spliceosome. U5 associates,
largely via non-Watson–Crick interactions, with exon se-
quences immediately upstream of the 59 splice site and down-

stream of the 39 splice site (12–17). U6, which is released from
pairing with U4 soon after joining the spliceosome, forms new
base-pairing interactions with U2 (8, 18–21) and replaces U1
in interacting with the 59 splice site (8, 22–26). At this stage,
the catalytic core forms and the first transesterification takes
place, creating the lariat 2y3 intermediate and the free 59 exon.
Using 4-thiouridine (4SU) crosslinking, Sontheimer and Steitz
(13) demonstrated that the 12 position of the lariat 2y3
intermediate can be crosslinked to a conserved sequence
(ACAGAG) of U6. This crosslink likely represents a func-
tional interaction required for the second step of splicing that
leads to intron removal and exon ligation.

Recently, a new class of introns that contain the dinucle-
otides AT and AC at their 59 and 39 termini, respectively, has
been found in metazoan genes (27–29). Removal of AT–AC
introns is catalyzed by a spliceosome that contains only one
common (U5) and four different (U11, U12, U4atac, and
U6atac) snRNPs compared with the major spliceosome (29–
31). Despite very limited sequence conservation, U11, U12,
and U4atacyU6atac can fold into secondary structures that are
remarkably similar to U1, U2, and U4yU6, respectively, sug-
gesting parallel roles for each pair of snRNPs in the two
different spliceosomes (31–33). In particular, U11 and U6atac
exhibit complementarity to the 59 splice site, whereas U12 can
potentially base-pair with the branch site of AT–AC introns.
Both in vitro (30, 34) and in vivo (35) studies have demon-
strated that U12 is indeed a U2 analog that recognizes the
branch site of AT–AC introns. Using psoralen crosslinking,
Tarn and Steitz (31) identified base-pairing interactions be-
tween U4atac and U6atac and between U12 and U6atac.
These interactions exhibit striking resemblance to the inter-
actions documented for U4 and U6 and for U2 and U6 (Helix
I), respectively, in the major spliceosome. Most recently,
Kolossova and Padgett (36) showed that compensatory
changes in the 59 end sequence of U11 could suppress certain
mutations introduced into the 59 splice site of an AT–AC
intron, suggesting that U11 may play an analogous role to U1
at the 59 splice site. However, a detailed picture of the dynamic
RNA–RNA interactions that accompany assembly of the
AT–AC spliceosome is lacking. In particular, how the 59 splice
site is recognized during splicing and which snRNPs are
involved in the process have remained unclear.

Here, we use 4SU site-specific crosslinking to dissect the
mechanism of 59 splice site recognition during the excision of
an AT–AC intron. We show that U11 assembles, in an ATP-
independent manner, onto the 59 splice site at very early times.
Later during spliceosome assembly, U6atac achieves close
contact with the 59 splice site. Our data suggest that the
mechanism of 59 splice site recognition in the splicing of
AT–AC introns is analogous to that described for major class
introns.
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Abbreviations: snRNA, small nuclear RNA; snRNP, small nuclear
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tion; TMG, trimethyl guanosine.
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MATERIALS AND METHODS

Preparation of 4SU-Substituted P120 Splicing Substrates.
Preparation of three different 4SU-substituted P120 splicing
substrates is described in (37). For each substrate, P120-
4SU12, P120-4SU14, or P120-4SU17, a single uridine residue
downstream of the 59 splice site (at position 12, 14, or 17) was
replaced by 4SU.

P120 Pre-mRNA Splicing and 4SU Crosslinking. In vitro
splicing of the three P120 substrates was performed in HeLa
nuclear extract according to Tarn and Steitz (30). To examine
the time course of 4SU crosslinking, a 7-fold splicing reaction
containing 1 3 106 cpm ('10 ng) of a [59, 39-32P]p4SUp-labeled
P120 substrate (or for an unlabeled 4SU-P120, 1 ml of splicing
reaction containing '1 ng of the substrate) was prepared. At
the indicated times, fractions (1y7) of the reaction mixture
were removed, irradiated with 365-nm UV light for 10 min
(13), treated with 100 mg proteinase K, extracted with phenoly
chloroformyisoamyl alcohol and precipitated with ethanol.
Recovered RNAs were resolved on 5% polyacrylamidey8 M
urea gels and visualized by autoradiography.

Anti-Trimethyl Guanosine (TMG) Immunoprecipitation.
Immunoprecipitation was performed essentially as previously
described (38). Crosslinked RNAs were excised from gels and
incubated with anti-TMG antibodies (Oncogene Science).
RNAs recovered from pellets and supernatants were analyzed
in parallel on 5% polyacrylamidey8 M urea gels.

RNase H Digestion and Northern Blot Analysis. To identify
small nuclear RNA (snRNA) partners, crosslinked RNAs were
subjected to oligodeoxynucleotide-directed RNase H digestion
(39). The oligonucleotides used were: U1-L2, complementary
to nucleotides 64–75 of U1; U2-b, complementary to nucle-
otides 27–49 of U2; U4-b, complementary to nucleotides
30–44 of U4; U5Ae, complementary to nucleotides 69–88 of
U5A; U6-a, complementary to nucleotides 46–60 of U6;
U11–10D and U11–10L, complementary to nucleotides 11–27
and 52–70 of U11, respectively; U12-b, complementary to
nucleotides 2–23 of U12; U4atac-10a, complementary to nu-
cleotides 63–82 of U4atac; and U6atac-9a, complementary to
nucleotides 87–103 of U6atac. After RNase H digestion, RNAs
were resolved on 5% polyacrylamide gels and electrophoreti-
cally transferred to Zeta-Probe GT membranes (Bio-Rad).
Northern blotting was performed essentially as described (30).
Anti-sense RNA probes for detecting U11 and U2 were
produced by in vitro transcription as previously described (30).
To detect the P120 substrate, the bridging oligonucleotide
complementary to nucleotides 217 to 131 of the P120 RNA
(used for two-piece ligation, see ref. 37) was 59-end labeled and
used as a probe.

Reverse Transcription (RT)–PCR Sequencing Analysis.
Crosslink 3 and control regions (see text) were excised and
used as templates for RT, as described (39). The primer was
complementary to the last 20 nucleotides of human U6atac
(31). The cDNAs were recovered to serve as templates for
PCR amplification (30 cycles). The 59 primer corresponded to
nucleotides 22–38 of U6atac and the 39 primer was the same
as for RT. The annealing and extending temperatures for PCR
were 55°C and 72°C, respectively. After PCR, the product was
visualized on a 2% agarose gel, excised, and recovered. The
sequence of the PCR product was determined after cloning.

RESULTS

Three Species Crosslinked at the 5* Splice Site Are Gener-
ated During P120 Splicing. Three P120 substrates site specif-
ically substituted with [59, 39-32P]p4SUp at position 12, 14, or
17 relative to the 59 splice site were prepared (37). Before
crosslinking analyses, the 4SU-substituted P120 substrates were
tested for splicing efficiency and accuracy. Fig. 1A compares
the in vitro splicing profile of P120-4SU12 with that of unsub-

stituted P120 substrate after 4 hr of incubation. The 2y3 lariat
intermediate and the lariat intron product appear identical in
lanes 1 and 2. Because the 4SU-substituted P120 RNA was
labeled only at the 12 position, the 59 exon intermediate and
the ligated mRNA are invisible in lane 1. To check the
accuracy of splicing, a gel slice predicted to contain the spliced
product was excised and the RNA recovered; using RT–PCR
followed by cloning and sequencing, we confirmed that the
mRNA was generated using the correct 59 and 39 splice sites
(ref. 30, and data not shown). The other two 4SU-substituted
P120 substrates (P120-4SU14 and P120-4SU17) were also
efficiently spliced (data not shown).

The three 4SU-substituted P120 substrates then were sub-
jected to crosslinking by irradiation with 365-nm UV light. The
results of a time-course experiment for each of the substrates
(P120-4SU12, P120-4SU14, and P120-4SU17) are shown in
Fig. 1B. At an early time in the splicing reaction, two
crosslinked species (crosslink 1 and crosslink 2) are observed
for each substrate. These two crosslinked species, even though
they were generated using different substrates, exhibit similar
kinetics: they are observed only during the first hour of the 4-hr
splicing reaction. For the P120-4SU12 substrate, as the two
early crosslinks diminish, a new crosslinked species (Fig. 1B,
crosslink 3) appears at the 1-hr time point and reaches a
plateau by 2 hr. Importantly, generation of all three crosslinks
is dependent on 365-nm UV irradiation (lanes 8, 19, 30), the
presence of 4SU in the substrate (lanes 11, 22, 33, 34), and the
presence of HeLa nuclear extract in the reaction mixture (lanes
9, 20, 31). Crosslinks 1 and 2 appear in the absence of ATP
(lanes 10, 21, 32; longer exposures are required to visualize
clearly both crosslinks, data not shown), whereas crosslink 3
does require ATP.

To correlate these crosslinks with the progress of the splicing
reaction, we examined the time course of splicing (Fig. 1C).
The disappearance of crosslinks 1 and 2 and the appearance of
crosslink 3 occur at the same time ('1 hr) that splicing
intermediates and products become visible. This suggests
sequential functional interactions between the 59 splice site of
the P120 intron and yet-to-be identified RNA species.

Evidence for U11 and U6atac as Crosslinking Partners with
the P120 RNA. Because the P120-4SU12 could generate all
three crosslinked species quite efficiently, we used this sub-
strate exclusively for the following characterizations. To ask
whether the crosslinking partners might be U snRNAs, we first
performed immunoprecipitation with anti-TMG antibody.
The results for gel-purified crosslinks 1, 2, and 3 are shown in
Fig. 2. While crosslinks 1 and 2 were nearly quantitatively
precipitated by the anti-TMG antibody (compare lanes 1 and
2 with lanes 3 and 4), crosslink 3 remained in the supernatant
(compare lane 5 with lane 6). These results suggest that
crosslinked species 1 and 2, but not 3, contain a TMG-capped
RNA.

To determine the identity of U snRNA(s) in crosslinks 1 and
2, we performed a series of RNase H digestion analyses.
Oligodeoxynucleotides complementary to known TMG-
containing snRNAs U1, U2, U4, U5, U12, or U4atac all failed
to direct the digestion of these two crosslinked RNAs (data not
shown). In contrast, a U11 antisense oligodeoxynucleotide
(U11–10L) directed complete digestion of crosslinks 1 and 2
(data not shown). Puzzlingly, however, another U11 antisense
oligodeoxynucleotide (U11–10D) yielded negative results
(data not shown). Oligonucleotide U11–10L is complementary
to nucleotides 52–70 in U11, whereas U11–10D is predicted to
base-pair with positions 11–27 (see Materials and Methods).
Because the U11 sequence targeted by U11–10D is very close
to the region proposed to interact with the 59 splice site (27),
it is possible that crosslinking might have created interference
with U11–10D-directed RNase H digestion. Alternatively, the
highly structured character of U11 RNA itself might render the
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U11–10D targeted region only marginally accessible even
under ‘‘denaturing’’ conditions (unpublished observation).

To confirm the presence of U11 in crosslinks 1 and 2, we
performed Northern analysis after RNase H digestion of
crosslinked species generated using unlabeled P120-4SU12.
After irradiation of the splicing reaction mixture, total RNAs
were recovered and portions subjected to RNase H digestion,
each directed by a different oligonucleotide, including the two

antisense U11 oligonucleotides. Gel-fractionated RNAs from
digested samples then were transferred to nitrocellulose mem-
brane and probed separately with antisense U11 RNA, anti-
sense U2 RNA, and antisense P120 DNA oligonucleotides.
The results shown in Fig. 3 reveal that oligonucleotide U11–
10L (lane 2), which directs RNase H cleavage of crosslinks 1
and 2 (A) targets the degradation of free U11 (D). In contrast,
oligonucleotide U11–10D (lane 3), which does not direct the
cleavage of crosslinks 1 and 2 (A), does not target the
degradation of free U11 RNA (D). As expected, the oligonu-
cleotide complementary to P120 (lane 5) directed cleavage of
both crosslinks 1 and 2 (A) and of free P120 RNA (B). U2 RNA
remained unchanged in the presence of all oligonucleotides
(C). None of these RNAs were digested in the presence of a
control oligonucleotide (U1-L2, lane 4).

Analysis of crosslink 3 proved difficult for two reasons. First,
its amount was always very low (much less than crosslinks 1 and
2). Second, most HeLa nuclear extracts produce high back-
ground in the region of the gel surrounding crosslink 3. Thus,
we were unable to use direct assays, such as targeted RNase H
digestion or Northern blotting, to characterize the small RNA
partner in this crosslinked species. Nonetheless, the anti-TMG
immunoprecipitation results (Fig. 2) clearly indicated that the
partner in crosslink 3 does not contain a TMG cap. Because
among all the snRNAs in the AT–AC spliceosome U6atac is
the only one that possesses a 59 non-TMG cap structure, we
considered this snRNA to be the best candidate for a crosslink

FIG. 1. Splicing and crosslinking. (A) P120-4SU12 with both the 59 and 39 phosphates of the 4SU12 radioactive (lane 1) or uniformly labeled
P120 (lane 2) substrate was used for splicing (30). The positions of the pre-mRNA, the spliced mRNA, the 2y3 intermediate, the free 59 exon, and
the lariat intron on an 8% polyacrylamidey8 M urea gel are indicated. p indicates a degradation product that comigrates with the 2y3 intermediate
(30). (B) A time course of crosslinking using site-specifically labeled P120-4SU12 (lanes 1–10), P120-U12 (lane 11), P120-4SU14 (lanes 12–21),
P120-U14 (lane 22), P120-4SU17 (lanes 23–32), or P120-U17 (lane 33) substrate. A large splicing reaction containing each 4SU-substituted P120
was incubated and portions removed and irradiated with 365-nm UV light at the indicated times. Recovered RNAs were resolved on 5%
polyacrylamidey8 M urea gels. Crosslinks 1, 2, and 3 are indicated by arrow heads. Lanes 8–11, 19–22, and 30–33 are 30-min controls where either
UV irradiation (lanes 8, 19, 30), HeLa nuclear extract (lanes 9, 20, 31), or ATP (lanes 10, 21, 32) was omitted. (C) A parallel time course of splicing
of uniformly labeled P120 pre-mRNA. At time points (lanes 1–7) identical to those chosen for irradiation (B), portions of the splicing reaction
were removed. Recovered RNAs were resolved on an 8% polyacrylamidey8 M urea gel. The positions of the pre-mRNA, the spliced mRNA, the
2y3 intermediate, the free 59 exon, and the lariat intron are indicated. A degradation product that comigrates with the 2y3 intermediate is denoted
by p (30).

FIG. 2. Immunoprecipitation of the crosslinked species with anti-
TMG antibody. Crosslink 1 (lanes 1 and 3), crosslink 2 (lanes 2 and 4),
and crosslink 3 (lanes 5 and 6) were excised from gels (Fig. 1B) and
incubated with antibody. RNAs recovered from the pellets (lanes 1, 2,
5) and supernatants (lanes 3, 4, 6) were visualized on 5% polyacryl-
amide gels. The positions of the three crosslinks are indicated. The
excised crosslink 1 band was contaminated with a small amount of
crosslink 2 (lane 1).
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3 component. To confirm the presence of U6atac, we used an
indirect assay involving RT followed by PCR. P120-4SU12 and
unsubstituted P120 substrate were separately incubated with
HeLa nuclear extract for 4 hr under splicing conditions and
then irradiated with UV light. Total recovered RNAs were
resolved in parallel lanes on a denaturing gel. The region that
includes crosslink 3 and regions above and below crosslink 3
were excised from both gel lanes. Recovered RNAs served as
templates for RT–PCR. The 59 primer was designed to cor-
respond to nucleotides 22–38, a sequence downstream of the
region of U6atac proposed to interact with the intron 59 splice
site (31). The 39 primer was complementary to the last 20
nucleotides of U6atac. The results are shown in Fig. 4: only the
RNA sample from the gel slice that includes the crosslink 3
band gave a RT–PCR product (lane 2). The identity of the
product as U6atac was confirmed by subsequent cloning and
sequencing.

DISCUSSION

Crosslinking experiments during in vitro splicing of an AT–AC
intron containing site-specific 4SU substitutions near the 59
splice site revealed three distinct crosslinked species. For
P120-4SU12, crosslinks 1 and 2 (which have different gel
mobilities) both contain U11 snRNA, suggesting that two
different sites in U11 may be involved. The other two 4SU
substituted substrates (P120-4SU14 or P120-4SU17) appeared
to yield the same two crosslinked species, which we did not
characterize in such detail. Although it is possible that these
species contain some snRNA other than U11, the fact that they
appear with similar kinetics, are likewise ATP-independent,
and have similar gel mobilities to crosslinks 1 and 2 generated
with P120-4SU12 (Fig. 1B) argues that the crosslinks gener-
ated with P120-4SU14 and P120-4SU17 also involve U11. We
therefore deduce that these crosslinks all result from func-
tional interactions between the 59 splice site and the U11
snRNA at an early stage of AT–AC spliceosome assembly, in

agreement with previous proposals placing nucleotides U12,
U14, and U17 in close contact with the 59 end of U11 (refs.
27 and 36; see Fig. 5). Although the model predicts that
nucleotides U14 and U17 participate in Watson–Crick base-
pairing interactions, which should be unfavorable for 4SU
crosslinking (12, 13), the sequence complementarity between
U11 and the 59 splice site of the P120 intron is quite limited
(Fig. 5). Thus, the double-stranded region may not be as rigid
as most long A-form RNA–RNA duplexes, allowing at least
transient opportunity for capture by 4SU crosslinking. Primar-
ily because of the low abundance of crosslinks 1 and 2, many
attempts to identify the exact crosslinked residue(s) on U11
RNA were unsuccessful.

Also for crosslink 3, generated with P120-4SU12, extremely
low abundance precluded mapping of the crosslinked residue
on U6atac snRNA. On the other hand, our ability to obtain a
U6atac RT-PCR product suggested that the site of crosslinking
to the 59 splice site is upstream of the sequence complementary
to the 59 primer (nucleotides 22–38 of U6atac). Within this 59
region of U6atac lies a sequence (AAGGAGAG) that is
predicted to function analogously to the conserved sequence
ACAGAG of U6 snRNA, which interacts with the 59 splice site
during splicing of major class introns (ref. 31, and see Fig. 5).
We therefore suggest that the sequence AAGGAGAG in
U6atac has become crosslinked to the 59 splice site of the
AT–AC intron in our experiments.

Because of the low abundance of crosslink 3 and the high
background in the region of the gel surrounding this crosslink,
we were also unsuccessful in determining the nature of the
substrate (pre-mRNA or splicing intermediate) involved in
crosslink 3. If it is the pre-mRNA that becomes crosslinked to
U6atac snRNA, our results would support the proposal that
base pairing between U6atac and the 59 splice site occurs
before the first catalytic step (ref. 31, and see Fig. 5). Genetic
suppression (22, 23), psoralen crosslinking (8), and direct UV
crosslinking (25) experiments all have indicated an interaction
between the 59 splice site of major class introns and the
conserved ACAGAG sequence in the U6 snRNA (Fig. 5).
Interestingly, however, 4SU site-specific crosslinking analyses
have failed to detect this interaction (13). Instead, a crosslink
between the U12 residue of the 2y3 intermediate and the
39-most A residue of the conserved ACAGAG sequence in U6

FIG. 3. Characterization of crosslinks 1 and 2 by RNase H digestion
followed by Northern analysis. Unlabeled P120-4SU12 was added to
a splicing reaction and crosslinking performed at time 0. Recovered
RNAs were subjected to RNase H digestion with no oligonucleotide
(lane 1); with two different antisense U11 oligodeoxynucleotides,
U11–10L (lane 2) or U11–10D (lane 3); with antisense U1 oligode-
oxynucleotide U1-L2 (lane 4); or with antisense P120 oligodeoxynucle-
otide P110 (lane 5) (see Materials and Methods). The treated RNAs
then were resolved on a 5% polyacrylamide gel and transferred to
Zeta- Probe GT membrane (Bio-Rad) for Northern blotting. The top
(A) and bottom (D) of the gel, which included crosslinks 1 and 2 and
free U11, respectively, were probed with an antisense U11 RNA probe.
In B, the part of the gel that included the P120 pre-mRNA was probed
with an antisense P120 DNA probe (37). In C, the part of the gel that
included U2 snRNA was probed with an antisense U2 RNA probe.
Crosslinks 1 and 2, P120-4SU12, U2, and U11 are indicated.

FIG. 4. Characterization of crosslink 3 by RT–PCR analysis. Un-
labeled P120-4SU12, wild-type P120, and labeled P120-4SU12 (as a
marker) were incubated individually in HeLa nuclear extract for 4 hr
under splicing conditions. The reactions then were irradiated with
365-nm UV light for 10 min. RNAs were recovered and resolved on
a 5% polyacrylamidey8 M urea gel. Regions above, covering, and
below the crosslink 3 band in unlabeled lanes were excised to serve as
templates for RT-PCR with U6atac primers (see Materials and Meth-
ods). The PCR products were resolved on a 2% agarose gel and stained
with ethidium bromide. Lanes 1–3 show products from P120-4SU12,
and lanes 4–6 are from unsubstituted P120 substrate, with the regions
above (lanes 1 and 4), covering (lanes 2 and 5), or below (lanes 3 and
6) the crosslink 3 band indicated. Lane M is a 1-kb marker (GIBCOy
BRL).
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has been characterized for the major spliceosome (refs. 13 and
26, and see Fig. 5). Because the 4SU was placed at the same
position (12) in both cases (this study and ref. 13) and the
geometry of the two spliceosomal active sites (AT–AC spli-
ceosome versus major spliceosome) are likely to be very similar
(31), it is possible that crosslink 3 detected here may likewise
be a crosslink between U12 of the 2y3 intermediate and
U6atac (Fig. 5). This crosslink therefore would represent a
similar functional interaction to that identified for the second
step of splicing in the major spliceosome (13, 31).

In summary, our results on AT–AC intron splicing nicely
confirm and extend models of pre-mRNA splicing based on
previous crosslinking (8, 12, 13, 24–26), biochemical (40), and
genetic suppression (5–7, 22, 23) studies of the major spliceo-
some. Like the early interaction between U1 and the 59 splice
site of the majority of introns, U11 becomes crosslinked to the
59 splice site of the AT–AC intron substrate at very early times
(Fig. 5). These early interactions (or crosslinks) are not
ATP-dependent and gradually diminish as spliceosome assem-
bly proceeds. Subsequently, U6atac appears to replace U11 in
interacting with the 59 splice site in the catalytically active
spliceosome, just as U6 replaces U1 (Fig. 5). Alternatively,
conformational changes occurring after the first step may
allow U6atac to interact with the 59 splice site of the lariat 2y3
intermediate, similar to an interaction detected between U6
and the 59 splice site of 2y3 intermediate in the major
spliceosome (refs. 13 and 26, and see Fig. 5). The comparable
kinetics of appearance of the dynamic interactions observed
here and in previous studies (8, 12, 13) reinforce the notion
that the splicing of AT–AC and major class introns is mech-
anistically highly conserved. Our data strongly support the idea
that U11 and U6atac snRNAs in the AT–AC spliceosome are
indeed analogs of U1 and U6, respectively, in the major class
spliceosome.
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