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Interactions of Small Nuclear
RNA’s with Precursor Messenger
RNA During in Vitro Splicing

David A. Wassarman and Joan A. Steitz

Precursor messenger RNA splicing requires multiple factors including U1, U2, U4, U5, and
U6 small nuclear RNA's. The crosslinking reagent psoralen was used to analyze the
interactions of these RNA’s with an adenovirus precursor messenger RNA in HelLa nuclear
extract. An endogenous U2-U4-U6 crosslinkable complex dissociated upon incubation with
precursor messenger RNA. During splicing, U1, U2, U5, and U6 became crosslinked to
precursor messenger RNA and U2, U5, and U6 became crosslinked to excised lariat intron.
U2 also formed a doubly crosslinked complex with U6 and precursor messenger RNA. The
U1, U5, and U6 crosslinks to the precursor messenger RNA mapped to intron sequences
near the 5’ splice site, whereas the U2 crosslink mapped to the branch site. The kinetics
of crosslink formation and disappearance delineates a temporal pathway for the action of
small RNA’s in the spliceosome. Potential base pairing interactions between conserved
sequences in the small nuclear RNA’s and precursor messenger RNA at the sites of
crosslinking suggest that the 5’ splice site is defined in several steps prior to the first

cleavage event.

Precursor messenger RNA (pre-mRNA)
splicing is the process by which introns are
removed and exons joined to form mature
mRNA (1). Splicing occurs by a two-step
transesterification mechanism: in the first
step, the 5’ splice site is cleaved to generate
a 5' exon and a lariat intermediate, and in
the second, the 3’ splice site is cleaved to
generate ligated exons (spliced product) and
an excised lariat intron. This process is carried
out in a dynamic complex called the spliceo-
some, composed of U1, U2, U4-U6, and U5
small nuclear ribonucleoproteins (snRNP’s)
and numerous non-snRNP protein factors.
Assembly of these trans-acting factors into a
spliceosome is directed in part by highly con-
served pre-mRNA sequences at the 5’ and 3’
splice sites and the branch site.

Spliceosome assembly in vitro involves
sequential binding of the Ul snRNP, the
U2 snRNP and, finally, U4-U6 and U5 as a
preformed U4-U5-U6 tri-snRNP (I). The
U4 and U6 snRNP’s associate via two
extensive intermolecular RNA helices
termed stems I and II. Prior to 5’ splice site
cleavage, base-pairing between the U4 and
U6 small nuclear RNA’s (snRNA’s) is un-
wound, which reduces the affinity of U4 for
the spliceosome. Similarly, the affinity of
U1 for the pre-mRNA is weakened prior to
5" splice site cleavage. After the nucleolytic
steps and exon ligation, the splice RNA is
released and U2, U4, U5, and U6 remain
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associated with the excised lariat intron.
Sequential RNA base pairing interactions
in the spliceosome may be driven by ATP
(adenosine triphosphate) hydrolysis, as a
number of yeast splicing factors exhibit
sequence similarities to ATP-dependent
RNA helicases.

Base pairing between conserved snRNA
and pre-mRNA sequences is required for
spliceosome assembly and accurate, effi-
cient splicing (1). Studies with mammalian
and yeast systems have indicated that the 5’
end of U1 base pairs with the 5’ splice site,
that a region near the 5’ end of U2 base
pairs with the branch site, and that a
snRNP, most likely U5, binds to the 3’
splice site. Genetic experiments with the
yeast Schizosaccharomyces pombe suggest
that additional base pairing occurs between
the 5' end of U1 and the 3’ splice site prior
to the first step of splicing (2). Other
analyses with a mutant splicing substrate of
the yeast Saccharomyces cerevisige (contain-
ing a G to A transition at invariant position
1 of the intron) indicate that base pairing
between an invariant loop of U5 and less
well conserved exon sequences at 5’ and 3’
splice sites may also occur (3, 4). In mam-
malian systems, base pairing between the 3’
end of U6 and the 5’ end of U2 is required
during splicing (5). Ultraviolet (UV)
crosslinking studies have shown that a cen-
tral region of U6 interacts with the 5’ splice
site in the pre-mRNA and with sequences
near the branch point adenosine in the
excised lariat intron (6).

Previous studies with the crosslinking
reagent psoralen have detected Ul/hetero-
geneous nuclear RNA (hnRNA) and U2/
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hnRNA contacts in vivo (7), and U4/U6
(8) and U2/U6 (9) contacts in vitro
[throughout this article crosslinks are de-
noted by a slash (/) and noncovalent inter-
actions by a hyphen (-)]. However, these
interactions have not been identified in
active spliceosomes. We now document the
appearance and disappearance of snRNA
crosslinks during in vitro splicing, some of
which reflect novel interactions of these
RNA’s with the pre-mRNA substrate. Qur
results suggest a defined pathway of inter-
molecular base pairing interactions required
for catalysis, analogous to those in group II
self-splicing RNA’s.

A U2-U4-U6 complex in HeLa nucle-
ar extracts. The psoralen derivative AMT
(4'-aminomethyl-4,5’,8-trimethylpsoralen)
is a useful probe for nucleic acid structure
and function (10). Psoralen intercalates
into DNA and RNA helices and upon
irradiation with UV (365 nm) light forms a
covalent link between pyrimidine (usually
uridine) residues juxtaposed on opposite
strands in a particular helical geometry. It
can also crosslink non-base paired but
closely associated RNA sequences in com-
plex macromolecular assemblies (I11). A
valuable property of psoralen is that
crosslinks can be photoreversed by irradia-
tion with 254-nm light (10).

To identify endogenous snRNA-snRNA
interactions in Hela nuclear extracts, we
performed psoralen crosslinking and sub-
jected the reaction mixture to immunopre-
cipitation with antibodies to m;G. These
antibodies are directed against the 2,2,7-
trimethylguanosine (m;G) cap structure
found on the U1, U2, U4, and U5 snRNA’s,
and therefore allow enrichment of these
RNA'’s over more abundant species. The im-
munoprecipitated RNA’s were 3’ end-labeled
with [*2P]Cp (12) and fractionated on a two-
dimensional gel system, in which the
crosslinks were photoreversed with 254 nm
light after the first dimension (Fig. 1). Un-
crosslinked RNA’s exhibit the same mobility
in both dimensions and form a diagonal.
Crosslinked RNA’s migrate slower than
RNA'’s of equivalent combined length in the
first dimension and after photoreversal run off
the diagonal, vertically to one another, in the
second dimension.

In addition to previously identified U4/
U6 and U2/U6 crosslinked complexes, a
U2/U4/U6 complex was detected at a much
lower level (Fig. 1). Quantitation of these
three crosslinked species revealed that the
abundance of the U2/U4/U6 complex was
approximately that predicted from the effi-
ciency of formation of its component U2/
U6 and U4/U6 crosslinks (13). Assuming
that single crosslinks form at ~1 percent
efficiency (10), these values further suggest
that the majority of U4/U6 complexes in
HeLa nuclear extracts are in complexes



with U2. The U2/U4/U6 crosslinked com-
plex was also observed on RNA (Northern)
blots of total crosslinked RNA (see below).
Identification of a U2/U4/U6 crosslinked
complex demonstrates that U6 can simul-
taneously associate with U2 and U4.

We have not mapped the positions of the
crosslinks within the U2/U4/U6 complex,
but since photoreversal generated complexes
that comigrated with U4/U6 and U2/U6
complexes on two-dimensional gels, the
doubly crosslinked complex seems likely to
involve the base pairing interactions previ-
ously characterized for the singly crosslinked
species (8, 9) (Fig. 1, longer exposure). This
conclusion is supported by affinity selection
with biotinylated complementary 2'-O-
methyl oligoribonucleotides. An oligonucle-
otide complementary to the region of U2
(BU2b, nucleotides 30 to 43) (14) that is
involved in base-pairing with the branch site
selected both U2/U6 and U2/U4/U6
crosslinked complexes (13). Oligonucleo-
tides complementary to regions of U4
(BU4a, nucleotides 1 to 20) (15) and U6
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Fig. 1. Identification of endogenous snRNA-
snRNA interactions in a HelLa nuclear extract. A
reaction mixture containing 60 percent HelLa
nuclear extract [prepared with 30 mM KCI in
buffer D (48)], 0.6 mM ATP, 3.2 mM MgCl,, and
AMT (psoralen) at 20 png/ml (HRI Associates)
was irradiated at 365 nm for 10 minutes on ice
(9). The snRNA's were immunoprecipitated
with a monoclonal antibody to m,G (Oncogene
Sciences) (49), labeled at the 3' end with T4 RNA
ligase and [5'-32P}pCp (50), and then fractionat-
ed on a 6 percent denaturing polyacrylamide gel
in the first dimension. The gel lane was irradiated
at 254 nm for 20 minutes at 4°C (9), and the
resulting reversed RNA's were resolved on a 6
percent gel in the second dimension. The posi-
tions of the snRNA's and incompletely reversed
complexes are indicated on the right, crosslinked
RNA's are labeled at the bottom, and the sizes of
DNA markers (M) (*3P-labeled Msp | digest of
pBR322) in nucleotides are given on the left (New
England Biolabs). Different exposures of the
same gel are shown.

snRNA’s to pre-mRNA during in vitro
splicing. To identify snRNA interactions
with pre-mRNA, we added a biotinylated
splicing substrate containing a portion of
the adenovirus major late transcript (18) to
HeLa nuclear extracts (Fig. 2A). Interac-
tions that occur at different stages of splic-
ing were captured by irradiating the reac-
tion mixture with 365-nm light in the
presence of psoralen, after an initial 30-
minute incubation without psoralen or irra-
diation. Splicing efficiency is not signifi-
cantly affected by the presence of psoralen
(13). The snRNA/pre-mRNA crosslinked
complexes were isolated by sequential selec-
tion, first with antibodies to m;G (directed
against spliceosomal snRNA’s) and then
with streptavidin (directed against biotiny-

(BU6d, nucleotides 57 to 74) (15) that are
involved in intermolecular U4-U6 stem II
base pairing (16) did not select either U4/U6
or U2/U4/U6 crosslinked complexes, but
BUG6d did select the U2/U6 complex (Fig.
2B). Mapping of the U4/U6 crosslink in
vitro (8) and in vivo (13) to the stem I helix
(U4 nucleotides 56 to 63, U6 nucleotides
49 to 56) therefore suggests that melting of
stem [ is required for stem II dissociation and
oligonucleotide hybridization.

The U1 and U2 complexes that remained
in the well after the first dimension of
electrophoresis (Fig. 1) may represent
crosslinks to hnRNA in the extract. We also
detected an abundant internally crosslinked
U1 that has already been characterized (17).

Crosslinking of U1, U2, U5, and U6
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Fig. 2. Interactions of snRNA’s with pre-mRNA during in vitro splicing. (A) A HelLa nuclear extract
was incubated at 30°C with a biotinylated adenovirus major late splicing substrate (78, 57) under
standard splicing conditions (60 percent extract, 0.5 mM ATP, 3.2 mM MgCl,, and 20 mM creatine
phosphate) for 30 minutes. Psoralen was then added to 20 ng/ml, and the mixture was exposed to
365-nm light while being incubated at 30°C for another 60 minutes; during this period, psoralen was
added to 20 pg/ml every 15 minutes. Crosslinked complexes containing an snRNA and splicing
substrate were sequentially selected, first by immunoprecipitation with antibodies to m,G and then
with streptavidin agarose (75). Selected RNA's were labeled at the 3’ end and fractionated on a
two-dimensional gel as described (Fig. 1), except that 4 percent gels were used in both dimensions.
RNA's were identified on the basis of their mobilities relative to the DNA markers (M) labeled on the
left and the 3' end-labeled a-Sm immunoprecipitated RNA (Sm) fractionated in the second
dimension (52). The positions of snRNA's, splicing substrate (406 nts), excised lariat, and
incompletely reversed complexes are labeled on the right; crosslinked complexes are labeled at the
bottom. Sub, substrate. (B) A HelLa nuclear extract was incubated with the adenovirus substrate
under standard splicing conditions for 30 minutes. Psoralen was added to 20 pg/mi, and the
reaction was crosslinked for 10 minutes on ice. U6-containing complexes were affinity-selected with
a biotinylated 2'-O-methyl oligoribonucleotide complementary to nucleotides 57 to 74 of U6 snRNA
(BU6d) (75). Selected RNA's were analyzed as in (A).
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lated pre-mRNA residues). Because U6 has
a y-methyl cap (19) and is only indirectly
immunoprecipitable through association
with U4, it was separately selected from
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the RNA was then fractionat-
ed on an 8 percent denatur-
ing polyacrylamide gel. The
positions of the splicing sub-
strate, intermediates, and
products are indicated on the
right. (B) Splicing reactions
containing labeled adenovi-
rus substrate (Sub) were in-
cubated at 30°C under stan-
dard conditions, except
where noted, for the indicated
times. Psoralen was added to
20 pg/ml and reactions were
crosslinked for 10 minutes on
ice. Total RNA was fractionat-
ed on a 4 percent denaturing
polyacrylamide gel. The reac-
tion in lane 1 contained Hela
S100 extract (48) instead of nuclear extract; lane 2 contained buffer D
(48) instead of nuclear extract; lane 3 had no added ATP or creatine
phosphate; and lanes 9 to 13 contained 2.5 mM EDTA and no MgCl,.
Dots to the right of lane 8 denote complexes that were isolated for use
in Figs. 4 and 5. The positions of crosslinked complexes, identified by
comigration of substrate (B) and snRNA (C to G) hybridization signals,
are indicated on the right and uncrosslinked substrate and lariats on the
left. Sub, substrate. (C to G) Splicing, crosslinking, and electrophoresis
were performed exactly as in (B) except with unlabeled adenovirus
substrate; each lane 2 corresponds to a reaction mixture without
substrate. The fractionated RNA's were transferred to nylon membrane
and probed for spliceosomal snRNA's with in vitro-transcribed an-
tisense RNA's (53) (Zeta-Probe GT, Bio-Rad Laboratories). The U2/U6
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total crosslinked RNA with the BU6d 2’-

O-methyl oligonucleotide (Fig. 2B).
Two-dimensional gel fractionation (Fig.

2) of the selected RNA’s revealed that U1,

U2, U5, and U6 form crosslinks with the
pre-mRNA and U2, U5, and U6 form
crosslinks with the excised lariat intron.
Low levels of endogenous U4/U6, U2/U6,

C (u1) D (u2)
: @y
€3 Normal +EDTA

W o
—U)_l
S5 < Normal +EDTA
303030°0 5 153060'0 5 1530 60° (min)

3030300 5 15306070 5 15 30 60° (min)

P PW TEeEwTseER»
L.

U2/U6/Sub

U2/Sub

ak
L LE w U/Sub

- U2/U4/U6
1. U2/Lariat

b - S

Ul Internal

U2/U6

i e

12345678 9%10111213 12345678 9%0H111213

F (us) G (us)
@, @
S E’? Normal  +EDTA £3 Normal +EDTA
3030300 51530600 5 153060 (min) 3030300 5153060''0 5 1530 60 (min)
T g WP NP o et e e
sy T
@5 - o
' § | B e T . U2Us/Sub
ik gl
4 & TN
P . g : T
LV - " -
“ﬁ - USSub(L) _ U6/Sub
.o US/Sub(E) :
B B eh v2uaus
- US/Lariat e Us/Lariat
: ‘/ U4/U6
U2/U6

ﬁﬁ.d...m

2345678 9%10111213

123456 789%10111213

and U4/U6 complexes at the bottom of (G) are resolved on lighter
exposures. In (E) and (F), uncharacterized crosslinks are denoted by a star,
and, in (F), late and early U5 complexes are denoted by (L) and (E). The
relative abundance of the different snRNA/pre-mRNA crosslinks is best
estimated from (B) (labeled substrate), where there is a single uniform
source of signal, and not by Northern blot analysis, where the snRNA probe
lengths and the blot exposure times are different. For example, at 60
minutes the U1, U2, U5, and U6 crosslinks to the pre-mRNA are present in
approximately equal amounts. The experiment shown was performed with
a single extract, and corresponding lanes on the Northern blots are
samples from the same reaction. Similar results were obtained in three
different experiments. U1 probing was performed after removal of the U2
probe, and U4 probing was performed after removal of the U5 probe.
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and U2/U4/U6 complexes (which represent
background in the selection procedure)
were also present. The U2/U4/U6, U2/
lariat, and internal U1 crosslinks comigrate
(Fig. 2A), but were identified on the basis
of Northern blot analyses (Fig. 3). This
method was also used to confirm the other
snRNA/pre-mRNA crosslinks.

No crosslinks were observed to the 5’
exon, lariat intermediate, or spliced prod-
uct. The absence of crosslinks is consistent
with results from Lamond et al. (14, 15),
who showed that 2’-O-methyl affinity selec-
tion of U2, U4, or U6 from splicing reac-
tions co-selected pre-mRNA and excised
intron but not splicing intermediates. Sim-
ilarly, Sawa and Shimura (6) did not detect
snRNA interactions with splicing interme-
diates by UV crosslinking. The lack of
detectable psoralen crosslinks to the free 5’
exon and lariat intermediate may be due to
the transient existence of these RNA spe-
cies. Thus, intermediates detected on frac-
tionation of splicing reactions may be mol-
ecules that are unable to proceed from the
first to the second step of splicing. To
attempt to capture snRNA crosslinks with
splicing intermediates, we used heat-treated
HeLa extracts, which are reported to accu-
mulate free 5’ exon and lariat intermediate
(20); however, these experiments were un-
successful because the system was slightly
leaky (producing a small amount of prod-
uct) and the first step of splicing was too
inefficient (13).

To determine the kinetics of interac-
tions between snRNA’s and pre-mRNA
during splicing, we performed crosslinking
at various times in the reaction (Fig. 3, B to
G). Samples were irradiated on ice to sta-
bilize the assembled complexes and to pre-

Fig. 4. Mapping of cross-
links to substrate RNase T1
fragments. A Hela nuclear
extract was incubated with
[«-32P]GTP-labeled adeno-
virus substrate for 40 min-
utes under standard splic-
ing conditions (Fig. 2) and
then crosslinked for 10 min-
utes on ice with 20 pg/ml
of psoralen. U1/pre-mRNA
and U2/pre-mRNA com-
plexes were isolated by @
gel purification (complexes

wm

vent further processing. After gel fraction-
ation of total RNA, crosslinked 32P-labeled
adenovirus pre-mRNA substrate was visual-
ized directly (Fig. 3B) and snRNA cross-
links with unlabeled substrate were moni-
tored by Northern blot analyses (Fig. 3, C
to G). Comigration of snRNA and pre-
mRNA bands confirmed the interactions
identified by two-dimensional gel electro-
phoresis and also revealed less abundant or
transient interactions. As negative con-
trols, crosslinking was analyzed in HelLa
S100 extracts (Fig. 3, B to G, all lanes 1)
and in reactions lacking extract (Fig. 3B,
lane 2) or substrate (Fig. 3, C to G, all
lanes 2). Fractionation of an uncrosslinked
splicing reaction (Fig. 3A) showed that 5’
exon and lariat intermediate first appeared
between 15 and 20 minutes of incubation
(lanes 2 and 3), whereas excised lariat
intron and spliced product appeared after
30 minutes (lane 4).

The U2/U6 and U4/U6 crosslinked com-
plexes were prominent (Fig. 3, D, E, and G)
because of their abundance in HeLa nuclear
extracts. The doubly crosslinked U2/U4/U6
complex initially increased in abundance but
then decreased during the splicing reaction.
In the presence of EDTA, which allows
spliceosome assembly but no cleavage (21),
only the initial incubation-dependent in-
crease occurred; this finding demonstrates
that splicing is required to reduce the con-
centration of the U2-U4-U6 complex (Fig.
3, D, E, and G; compare lanes 4 to 8 with 9
to 13). We conclude that the preformed
U2-U4-U6 complex is an active component
of the splicing machinery in vitro.

No snRNA/pre-mRNA crosslinks were
observed in the S100 extracts (Fig. 3, C to
G, all lanes 1), which contain nearly the
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marked by dots in Fig. 3B) and U5 and U6 complexes were isolated from total crosslinked RNA by
affinity selection with the biotinylated 2’'-O-methyl oligonucleotides BUS5Ae and BU6d, respectively
(14, 15). (BU5SAe, which is complementary to nucleotides 69 to 87 of U5 RNA, has the sequence
BBBBUIIIUUAAIACUCAIAIUU, where B denotes 2'-deoxycytidine residues that are sites of bio-
tinylation, and | denotes 2’-O-methyl inosine.) In addition, all of the crosslinked complexes were
co-selected by immunoprecipitation with antibodies to m,G so that they could be directly compared
(panel m,G). Isolated complexes were digested to completion with RNase T1 (8, 54) and
fractionated on a two-dimensional gel as described (Fig. 1) except that a 20 percent denaturing
polyacrylamide gel was used in both dimensions. The U2 fragments are obscured by the diagonal
in the m,G panel. Arrows indicate the positions of photoreversed substrate RNase T1 fragments. In
the m,G panel, U6, U1, and U5 crosslinked fragments correspond to the left, middle, and right sets

of horizontal arrows, respectively.
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same concentration of splicing snRNP’s as
nuclear extracts but are inactive for splicing
because they lack the protein factor ASF/
SF2 (22). This control demonstrates that
the crosslinks with snRNA’s are not fortu-
itous, but splicing-dependent. However,
the pre-mRNA did form multiple, presum-
ably internal, crosslinks even in the ab-
sence of extract (Fig. 3B, lane 2). These
crosslinks disappeared on incubation with
extract under active splicing conditions,
but not when splicing was inhibited by
EDTA (Fig. 3B; compare lanes 4 to 8 with
9 to 13). Ul was the first snRNA to
crosslink strongly to the pre-mRNA;
crosslinking occurred even on ice (Fig. 3, B
and C, lanes 4). Upon incubation at 30°C,
Ul crosslinking peaked at 5 minutes and
then decreased with time (Fig. 3, B and C,
lanes 5 to 8). U2 did not crosslink to the
pre-mRNA on ice, but on incubation at
30°C it had a crosslinking profile similar to
that of U1 (Fig. 3, B and D, lanes 4 to 8).
A U2/U6/pre-mRNA doubly crosslinked
complex appeared at 5 minutes, reached a
peak at 15 minutes, and then declined (Fig.
3, B, D, and G, lanes 4 to 8). One U5
crosslink to the pre-mRNA [U5(E)] was
weak on ice, became more prominent after
5 minutes at 30°C, and gradually decreased
over the course of splicing; a second, more
abundant, U5 crosslink [U5(L)] appeared
after 5 minutes and then became increas-
ingly prominent over the course of the
experiment (Fig. 3, B and F, lanes 4 to 8).
Unlike the U1, U2, and U5 crosslinks to
the pre-mRNA, which appear gradually,
the U6/pre-mRNA crosslink was not de-
tectable at 10 minutes (13) but appeared
suddenly at 15 minutes and remained rela-
tively constant thereafter (Fig. 3, B and G,
lanes 4 to 8). After the second step of
splicing, U2, U5, and U6 crosslinks to the
excised lariat intron were detected (Fig. 3,
D, F, and G, lanes 7 and 8). We did not
detect U4 crosslinking to the pre-mRNA
(Figs. 2A and 3E). However, U4 did form a
crosslink with an unidentified partner; this
interaction requires active splicing (not
simply spliceosome assembly), because the
crosslink was not observed when splicing
was inhibited by EDTA [Fig. 3E; compare
lanes 4 to 8 with 9 to 13 (U4*)].

In the absence of added ATP, Ul and
U2 formed crosslinks with the pre-mRNA,
whereas U5 and U6 did not (Fig. 3, Bto D
and F and G, lanes 3). The U2 crosslink
was unexpected because stable association
of U2 with the pre-mRNA has been shown
to be ATP-dependent (1). In the presence
of EDTA, the amount of crosslinking of
Ul, U2, and U2/U6 to the pre-mRNA did
not decrease (Fig. 3, B to D and G, lanes 9
to 13). The faster migrating U5/pre-mRNA
crosslinked complex [U5(E)] formed weakly
and exhibited kinetics similar to that of the
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standard splicing reaction (Fig. 3F, lanes 9
to 13). The slower migrating U5/pre-mRNA
complex [U5(L)] and the U6/pre-mRNA
complex were almost undetectable in the
presence of EDTA. Instead, a unique U5
complex appeared at late time points [Fig.
3F, lanes 11 to 13 (U5*)]. Perhaps the stable
association of Ul and U2 with the pre-
mRNA in the presence of EDTA blocked
the site that normally interacts with U5,
resulting in an aberrant U5 interaction.
Mapping of crosslinks to conserved re-
gions in the snRNA’s and pre-mRNA.
Mapping of crosslinks on the adenovirus
pre-mRNA substrate was performed with
uniformly [a-32P)GTP (guanosine triphos-
phate)-labeled substrate so that each RNase
T1 fragment would be end-labeled. After
incubation of splicing reactions for 40 min-
utes and subsequent addition of psoralen,
crosslinked complexes of snRNA and pre-
mRNA were isolated by immunoprecipita-
tion with antibodies to m;G, by affinity
selection with 2’-O-methyl oligonucleo-
tides to U5 (BU5Ae) or U6 (BU6d), or by

Fig. 5. Mapping of
snRNA crosslinks
by primer exten-
sion. A HelLa nucle-
ar extract was incu-
bated with or with-
out a uniformly la-
beled adenovirus

pre-mRNA  sub- -
strate for 40 min- —
utes under stan- -
dard splicing con- s
ditions (Fig. 2) and =
then crosslinked -
for 10 minutes on -

g - —

ice with psoralen
at 20 pg/ml. After
fractionation on a
4 percent gel,
snRNA/pre-mRNA
complexes similar
to those indicated
by dots in Fig. 3B
were excised along
with the equivalent
region of the gel
containing extract
crosslinked without
substrate.  Primer
extension was per-
formed on the
crosslinked com-
plexes with an ap-
propriate  32P-la-
beled oligonucleo-

gel purification of Ul/pre-mRNA and U2/
pre-mRNA complexes (marked by dots in
Fig. 3B). Each selected complex was then
digested with ribonuclease (RNase) T1 and
fractionated on a two-dimensional gel (Fig.
4). Substrate fragments that contain
crosslinks migrate aberrantly in the first
dimension, and lie off the diagonal after
photoreversal and fractionation in the sec-
ond dimension. Because photoreversal is
not complete, two labeled RNase T1 frag-
ments appear: a slower species containing a
psoralen monoadduct and a faster species
devoid of psoralen, which migrates to the
position expected for its size.

The Ul, U5, and U6 RNA’s all formed
crosslinks with the same region of the pre-
mRNA because their faster RNase T1 frag-
ments comigrated in the second dimension
(Fig. 4). Alkali hydrolysis of the oligonu-
cleotide crosslinked to Ul identified it as a
16-nucleotide (nt) intron fragment that
begins 6 nts downstream of the 5’ splice site
(13). Similar analysis showed that U2 was
crosslinked to a 14-nt RNase T1 fragment

B Total U2 B
UG C A == 3- 11 Sub U G

that covers the branch site (13). Monoad-
duct-containing oligonucleotides arising
from the U1, U5, and U6 crosslinks did not
comigrate in the second dimension, which
suggests that they formed crosslinks at dif-
ferent positions within the 16-nt fragment.
Alkali hydrolysis of the Ul monoadduct-
containing fragment mapped the crosslink
to U? of the intron (13). The U2, U5, and
U6 crosslinks to the pre-mRNA and to the
excised lariat intron could not be mapped
to a single nucleotide because of the low
yields of their respective oligonucleotides.
However, it seems likely that U5 and U6
would make the same contacts with the
lariat as those we have mapped for the
pre-mRNA because (i) crosslinks to the
excised lariat can only involve intron se-
quences, and (ii) previous UV crosslinking
data (6) indicate that U6 binds intron
sequences near the 5’ splice site throughout
the reaction.

Inspection of the diagonal analyses (Fig.
4) also provides an estimate of the size of
each unlabeled snRNA RNase T1 fragment
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tide primer complementary to U164-75 (A), U279-98 (B), U584-1%4 (C), or

U6%-1%4 (D) (55). The reactions were then incubated with RNase A to
digest the labeled substrate. Lanes 1 to 5 contain dideoxy sequencing
reactions on nuclear extract RNA generated with the same primer. Lanes
6 and 7 show primer extensions with total RNA from reactions incubated
without (—) or with (+) pre-mRNA, respectively [the reactions correspond-
ing to lanes 6 and 7 of (D) are not shown in this particular gel, but were
included on replicate gels]. Primer extension products from gel-purified

1922

SCIENCE ¢ VOL. 257

occur at A residues or

25 SEPTEMBER 1992

bands derived from these same two reactions are shown in lanes 8 and 9.
SnRNA sequences on the left correspond to those in Fig. 6A; arrows
indicate the deduced positions of the psoralen crosslinks, which are
based on the position of stops indicated on the right. Other stops in lane
9 were eliminated as potential crosslinking sites because they either

are incompatible with the sizes of the snRNA

RNase T1 oligonucleotides deduced from Fig. 4.



that has become crosslinked. The U2 and
U6 crosslinked fragments migrated close to
the diagonal, an indication of small snRNA
oligonucleotides, whereas the Ul and U5
crosslinks migrated farther from the diago-
nal, an indication of large and very large

oligonucleotides, respectively. RNase T1
digestion yields three large products in the
case of U1 (11, 12, and 13 nts), and one
large product in the case of U5 (26 nts).
Primer extension mapping was used to
locate the crosslink position within each
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Fig. 6. A model for snRNA interactions with pre-mRNA during splicing. (A) The snRNA's and
adenovirus pre-mRNA are shown in a configuration that places psoralen crosslinked nucleotides in

close proximity. Pre-mRNA sequences are writte

n in italics with the 5’ exon in uppercase and the

intron in lowercase. Phylogenetically conserved sequences within the human snRNA'’s (56) and the
adenovirus pre-mRNA are indicated in bold type. Consensus sequences for mammalian 5’ splice
sites (57) and branch sites are also shown. Circled nucleotides denote specific sites of psoralen
crosslinking determined by primer extension or sequencing of RNase T1 fragments, and solid lines
indicate crosslinked RNase T1 fragments. Nucleotide positions within the human snRNA’s and the
5' splice site are labeled by subscripts. Superscripts are used to label nucleotides within the U5
invariant loop (4) and the U6 hexanucleotide sequence. Methylated residues are labeled by a
subscript m, and ¥ denotes a pseudouridine. The 5’ splice site is marked by an arrow and the
branch point adenosine by a dot. A black square indicates the position of an intron in U6 from the
yeast Rhodosporidium dacryoidum (39). (B) SnRNA-pre-mRNA interactions at three steps during
the splicing reaction, as determined by psoralen crosslinking. The snRNA’s are drawn schemati-
cally with dots as 5’ caps and circles with the snRNA identity at the 3' ends. Potential base pairing
is indicated by parallel lines and asterisks indicate positions of crosslinking. Consensus pre-mRNA

sequences are shown with exon in uppercase

and intron in lowercase, with the branch point

adenosine in bold type. Base pairing between the pre-mRNA and U1 and U5 in step 1 is drawn in

an open configuration of a four-branch Holliday j

unction (29). Between steps 1 and 2, U5 shifts to

contact 5’ intron sequences. Step 1 depicts snRNA crosslinking interactions at 5 minutes (Fig. 3, all
lanes 5), step 2 at 15 minutes (all lanes 6), and step 3 at 30 minutes (all lanes 7). Stems within the

U4 to U6 structure (76) are indicated in step 1.
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snRNA (Fig. 5). Crosslinked snRNA /pre-
mRNA complexes and comigrating control
RNA from reactions incubated and
crosslinked without pre-mRNA were isolat-
ed by gel purification (complexes marked by
dots in Fig. 3B). Reverse transcripts from a
5’ end-labeled oligonucleotide primer com-
plementary to the 3' end of an snRNA
terminate one nucleotide 3’ to the position
of a psoralen crosslink. Bands that are
enhanced in the experimental (+) versus
the control (—) lanes locate the crosslink
(compare lanes 8 and 9). Primer extension
also detects numerous psoralen monoad-
ducts when total RNA is analyzed (lanes 6
and 7). A subset of these monoadducts is
enhanced by the presence of pre-mRNA,;
for example, nucleotides within the region
of U2 that base pair with the branch site
(Fig. 5B; compare lanes 6 and 7).

The Ul and U2 crosslinks with the
pre-mRNA mapped to snRNA positions
anticipated on the basis of previous studies
(I). The U1 crosslink mapped to nucleo-
tide U2 (within a 12-nt RNase T1 frag-
ment) (Fig. 5A), which lies across from the
crosslinked uridine residue in the pre-
mRNA when the 5’ end of Ul is base-
paired to the 5’ splice site (Fig. 6A). The
U2 crosslink mapped to nucleotide U3?
(within a 2-nt RNase T1 fragment) and
nucleotide C*° (within a 6-nt RNase T1
fragment) (Fig. 5B), both of which have
the potential to crosslink to the mapped
pre-mRNA RNase T1 fragment when U2 is
base paired to the branch site (Fig. 6A).
Although only the U3? crosslink was pre-
dicted by diagonal analysis (Fig. 4), the
diffuse nature of the U2/pre-mRNA
crosslinked band on Northern blots suggests
that U2 forms multiple crosslinks with the
intron branch region (Fig. 3D).

The U5 crosslink mapped to nucleotide
U* (within a 26-nt RNase T1 fragment)
(Fig. 5C) in the 9-nt invariant loop. This
places U5 at the 5' splice site where nucle-
otides 5 to 9 of the loop (nucleotides 41 to
45 of human U5) have the potential to base
pair to consensus 5’ splice site intron nucle-
otides 1 to 5 (Fig. 6A). Newman and Nor-
man have recently suggested that in S. cere-
wvisiage, nucleotides 5 and 6 of the U5 invari-
ant loop can pair with nucleotides —2 and
—3 of 5’ exons (4). This orientation of U5 is
not compatible with the major crosslink we
observe; however, the weaker US5/pre-
mRNA crosslink [Fig. 3F, U5(E)], whose
kinetics parallels that of the Ul/pre-mRNA
crosslink, may reflect the predicted U5 in-
teraction with 5’ exon sequences (4).

The U6 crosslink mapped to nucleotide
C37 (within a 4-nt RNase T1 fragment)
(Fig. 5D), adjacent to a region that is
complementary to nucleotides 2, 5, 6, and
7 of the adenovirus intron (Fig. 6A). The
potential base pairs involve nucleotides 1,
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2, and 5 of an invariant hexanucleotide
sequence in U6 (ACAGAG). Our results
are consistent with those of Sawa and
Shimura, who reported UV crosslinking be-
tween the central domain of U6 (containing
the ACAGAG) and a region encompassing
the 5’ splice site of a pre-mRNA derived
from the 3-crystallin gene (6). Mutagenesis
of the yeast U6 hexanucleotide sequence
causes severe splicing defects both in vitro
and in vivo. In vitro, the most detrimental
mutations are at the equivalent of human
U6 positions C*? and A*; the former blocks
association of U6 with the spliceosome and
the latter inhibits the second step of splic-
ing, which causes accumulation of splicing
intermediates (23). In vivo, all mutations at
positions C*2, A*, and A% are lethal,
whereas mutations at other hexanucleotide
positions can be viable or temperature-sen-
sitive (24). The yeast equivalent of U6
nucleotide A*®, in addition to C* and A%,
has the potential to base pair with the 5
splice site of yeast introns because position 4
is a highly conserved U, not an A as in
mammals (I) (Fig. 6A). Base pairing be-
tween Ul and intron position 4 is not
required in yeast (25), so base pairing with
U6 may explain the conservation of this
intron nucleotide.

A model for the sequential interactions
of snRNA’s with pre-mRNA during in
vitro splicing. Splicing defects caused by
mutations at consensus intron positions G!,
U?, and G’ are not completely suppressed
by complementary mutations in the 5’ end
of Ul (25, 26, and references therein).
Thus, it has been argued that these nucle-
otides are recognized by additional splicing
components that determine the location of
5" splice site cleavage and allow efficient
completion of the second step of the reac-
tion. Qur results suggest that these other
factors are U5 and U6 snRNA’s.

Our crosslinking data allow us to pro-
pose new base-pairing steps that may under-
lie the progression of snRNA interactions
in the spliceosome. Additional base pairing
steps may exist but not be revealed by our
experiments because the adenovirus pre-
mRNA may lack appropriate psoralen
crosslinking sites. Conversely, the interac-
tions may not be as extensive as those
shown (Fig. 6A), they may involve base
pairs other than the Watson-Crick type, or
they may not occur at all for introns whose
splice sites deviate from consensus se-
quences and therefore lack the ability to
form the proposed interactions. Finally, we
cannot rule out the possibility that some of
the crosslinks observed involve dead-end
products of in vitro splicing, but the kinet-
ics of the crosslinks and their compatibility
with observations cited below support our
view that they are relevant to splicing.

Available data from both mammalian
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and yeast systems suggest a generalized in
vitro splicing pathway in which sequentially:

1) The Ul RNA forms base pairs with
consensus sequences at the 5’ splice site.
We observed psoralen crosslinking of U1 on
ice in the absence of U2, U4, and U6
crosslinking to pre-mRNA.

2) The U2 RNA forms base pairs with
conserved branch site sequences. The unex-
pected crosslinking observed in the absence
of ATP suggests that ATP is required not to
form, but to stabilize, U2 snRNP binding.
Association of U1 and U2 follows (1), there-
by bringing together the 5’ and 3’ ends of
the intron and allowing U1 to base pair with
the absolutely conserved AG at the 3’ splice
site (2). The U1 base pairing to the 5" and 3’
splice sites may not be required because some
pre-mRNA’s can be spliced in vitro in the
absence of the 5’ end of Ul RNA (27) or
without the intron AG (28).

3) The pre-assembled U4-U5-U6 tri-
snRNP joins to form the complete spliceo-
some, generating a Holliday-like structure
(29) (Fig. 6B, step 1). U6 then contacts
U2, probably through the base pairs previ-
ously characterized (9), and U5 interacts
with exon sequences at the 5" splice site. A
U5/pre-mRNA crosslink with kinetics sim-
ilar to that of U5(E) forms with substrates
containing a photo-activatable crosslinking
agent at position —2 of the 5’ exon (30);
this observation supports the argument that
the U5(E) crosslink reflects an interaction
with 5’ exon sequences (Fig. 6B, step 1).
Both the U5(E) and U2/U6 crosslinks with
the pre-mRNA occur within 5 minutes of
incubation, even in the presence of EDTA;
it is conceivable that in vivo U2-U4-U5-
U6 joins as a preformed complex, because
crosslinking shows that U6 can simultane-
ously base pair with U2 and U4. Support for
base pairing between the 3’ end of U6 and
the 5’ end U2 (5) at this stage of mamma-
lian spliceosome assembly comes from pre-
vious experiments showing that spliceo-
some assembly is: (i) drastically reduced
when the 3’ end of U6 is mutated to disrupt
base pairing with U2 (31); and (ii) stalled
after association of U1 and U2 when the 5’
end of U2 is blocked by oligonucleotide
hybridization (32). However, in Saccharomy-
ces cerevisiae this particular U2/U6 interac-
tion is tolerant to mutation (5, 33), and U5
may not be absolutely required for the first
step of splicing (34). Furthermore, Madhani
and Guthrie have proposed a new type of
U2/U6 pairing that is essential for cell
growth and efficient splicing in yeast (35).

4) The base pairing between Ul and
the 5’ splice site is unwound, which allows
U5 to shift and base pair with intron se-
quences at the 5’ splice site (Fig. 6B, step
2). The kinetics of the two psoralen
crosslinks to U5 indicates that they are
mutually exclusive and that the earlier (E)
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is a precursor to the later (L). This putative
later interaction of U5 with 5’ intron se-
quences explains the conservation of nucle-
otides 7 to 9 in the invariant loop, whereas
the work of Newman and Norman accounts
for the conservation of nucleotides 3 to 6
(3, 4). Ul may completely dissociate from
the spliceosome at this stage. Compensato-
ry mutations in yeast Ul that suppress
mutations of the conserved AG at the 3’
splice site restore only the first step of
splicing (2), which suggests that some other
factor recognizes this dinucleotide in the
second step.

5) The intermolecular U4-U6 base pait-
ing is unwound, which releases U4 from
U6. The U4 RNA is not required for
subsequent steps (36). Its dissociation may
allow the previously masked U6 to play a
catalytic role, as proposed (37) on the basis
of its high sequence conservation and on
the presence of mRNA-like introns in func-
tionally important regions of U6 in several
species of yeast (see Fig. 6A) (38, 39).

6) The U6 RNA forms base pairs with
conserved intron sequences at the 5’ splice
site. This interaction is not mutually exclu-
sive with U5-intron base pairing (Fig. 6A),
but there is no evidence for simultaneous
pairing. The U6/pre-mRNA crosslink is the
last to occur before the appearance of splic-
ing intermediates, which suggests that this
U6 interaction triggers the first step of
splicing (see below). Accordingly, a study
of yeast pre-mRNA sequences showed that
chemical modification of intron position U?
at the 5’ splice site had its greatest inhibi-
tory effect on spliceosome assembly after
release of U4 from U6 (40) (see Fig. 6A).

7) After inspection of the 5’ splice site
by Ul, U5, and U6, a catalytically active
conformation is created, cleavage occurs at
the 5' splice site, and the second step of
splicing proceeds rapidly. Spliced mRNA is
then released from the spliceosome, with
U2, U5, and U6 remaining base paired to
the excised lariat intron (Fig. 6B, step 3).

U6 analogies with domain 5 of group II
self-splicing introns. Nuclear pre-mRNA
splicing and group II autocatalytic splicing
proceed by an identical two-step transester-
ification mechanism that generates a lariat
intermediate (41, 42). Thus, an evolution-
ary relation has been proposed in which
spliceosomal snRNA’s represent trans-act-
ing fragments of an original self-splicing
intron (43). Indeed, sequences at the splice
sites exhibit conservation between the two
systems, and several interactions between
snRNA’s and pre-mRNA in the spliceo-
some have similarities to intramolecular
group II base pairing interactions. In par-
ticular, complementarity of U2 to the in-
tron branch site mimics the structure of
domain 6 of group II introns, in which the
branch point adenosine residue bulges from




a helical stem (41). In addition, the func-
tioning of the invariant loop of U5 has been
suggested to be similar to that of the D3
loop of group I introns (4). The D3 loop
contributes to 5’ splice site recognition by
base pairing with exon sequences (the
EBS1-IBS1 interaction) and can also base
pair an adjacent nucleotide with the first
nucleotide of the 3’ exon, an interaction
required for 3’ splice site cleavage (42).

We propose that a functional analogy
exists between spliceosomal U6 and domain
5 of group Il introns. Jarrell et al. (44) have
shown that when domain 5 is provided in
trans to a half-molecule containing the 5’
exon and domains 1 to 3 of a group II
intron, it allowed hydrolysis at the 5’ splice
site. In addition, Koch et al. (45) have
shown that only domain 1 is required for 5’
splice site hydrolysis by domain 5, which
suggests that domain 1 contains the binding
site for domain 5. These studies showed
that domain 5 is necessary to activate the 5’
splice site and that, in the complete group
11 intron, the proximity of domains 5 and 6
may bring the branch point adenosine close
to the 5’ splice site, thereby ensuring that
the adenosine (rather than water) attacks
in the first step of splicing. In those group Il
introns that are dispersed over several ge-
nomic sites and act in trans, domains 5 and
6 always reside on the same transcript (46).
Finally, a group II intron has been identi-
fied within domain 5 of another group II
intron (47).

The U6 RNA and domain 5 of group II
introns share many properties: (i) Both are
the most conserved elements of their re-
spective systems (16, 41); (ii) the region of
U6 (nucleotides 40 to 56) that crosslinks to
the 5’ splice site exhibits both sequence and
potential structural similarity to domain 5
(the top half) of group II introns in sub-
group A (41) (note that this region of U6 is
partially masked in the presence of U4);
(iii) the U6/pre-mRNA crosslink occurs
just prior to 5’ splice site cleavage, which
suggests that U6 triggers the first step of
splicing as domain 5 does in group II in-
trons; (iv) through its base pairing with U2
prior to 5’ splice site cleavage, U6 may
bring the branch point adenosine close to
the 5’ splice site, just as the linkage be-
tween domains 5 and 6 does in group II
introns (see Fig. 6B, step 2); and (v) like
domain 5, U6 in several species of yeast
contains introns that are located within
functionally important regions of the mol-

ecule (38, 39). Characterization of addi-
tional crosslinking interactions in the spli-
ceosome should reveal further parallels be-
tween snRNA’s and functional domains of
group I self-splicing introns.
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