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A U6 snRNA:pre-mRNA interaction can be
rate-limiting tor Ul-independent splicing
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The full set of consensus sequences at the 5’ splice site is recognized during splicing of pre-mRNA in

extracts depleted of Ul snRNP. High concentrations of HeLa SR proteins or purified SC35 alone promote

the splicing of specific RNA substrates, bypassing the requirement for U1 snRNP in formation of the U2
snRNP-pre-mRNA complex. Under these conditions, mutations in the substrate that increase the sequence
complementarity between U6 snRNA and the 5’ splice site region can facilitate splicing. This provides
additional strong evidence that Ul snRNP is not essential for splicing. Thus, the consensus sequence at the 5’
splice site is probably recognized twice during splicing of most introns; however, some pre-mRNAs could
potentially be processed in the absence of interactions with Ul snRNP in regions of the nucleus containing

high concentrations of SR proteins.
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Pre-mRNA splicing occurs within a large multisubunit
complex termed the spliceosome. The spliceosome,
which is composed of four snRNP particles (U1, U2, U4/
U6, and U5) and many non-snRNP protein factors, forms
in a stepwise manner on the substrate (for review, see
Moore et al. 1993; Madhani and Guthrie 1994). In the
first commitment step, Ul snRNP, in conjunction with
the splicing factor U2AF and several members of the SR
protein family, associates with the pre-mRNA to form
the E complex (Michaud and Reed 1993; Staknis and
Reed 1994). During this reaction, Ul snRNP binds to the
5’ splice site by base pairing (Zhuang and Weiner 1986;
Séraphin et al. 1988; Siliciano and Guthrie 1988] and
promotes the binding of U2 snRNP to the branch region,
forming the A complex (Konarska and Sharp 1986, 1987;
Séraphin and Rosbash 1989; Barabino et al. 1990;
Michaud and Reed 1991). Finally, the complete spliceo-
some is formed by the addition of the U4/U5/U6 tri-
snRNP.

Several rearrangements occur within the spliceosome
before the first covalent reaction resulting in the cleav-
age of the 5’ splice site and branch formation. First, U4
snRNA is separated from the U6 snRNA so that U2 and
U6 can interact; these two RNAs are proposed to form
the catalytic center (Madhani and Guthrie 1992,
McPheeters and Abelson 1992). In addition, the Ul
snRNA is probably displaced from the 5’ splice site (Kon-
forti et al. 1993}, whereas U6 snRNA binds to distal nu-
cleotides in the 5’ splice site {+4 through +6). The two
RNAs can be cross-linked in this region by UV irradia-
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tion (Sawa and Abelson 1992; Sontheimer and Steitz
1993). Furthermore, allele-specific complementation be-
tween mutations in the 5 splice site and in U6 snRNA
has demonstrated a base-pair interaction between these
RNAs at position +5 of the intron and further suggests
that U6 snRNA can pair with additional nucleotides
downstream of the + 5 position (Kandels-Lewis and Séra-
phin 1993; Lesser and Guthrie 1993; Sun and Manley
1995).

The distal sequences in the 5’ splice site are therefore
recognized at least twice during the splicing reaction, by
the U1l and U6 snRNAs. The other nucleotides in the 5’
splice site (—1 through +3) may also be recognized a
second time, probably in the binding of the U4/U5/U6
tri-snRNP. Formation of spliceosome-type complexes
containing U2, U5, and U4/U6 snRNAs on short oligo-
ribonucleotides comprising a 5’ splice site occurs when
sequences at the 5’ terminus of Ul snRNA are blocked
(Konforti et al. 1993; Konforti and Konarska 1994). In
these experiments, nucleotides at positions —2 through
+5 were critical for both efficient binding of the tri-
snRNP and for UV cross-linking of the U6 snRNA to the
RNA oligo.

SR proteins, which contain extensive repeats of the
dipeptide sequence serine-arginine, have been impli-
cated in constitutive splicing and in the regulation of
alternative splicing, such as the sex-determination path-
way in Drosophila (Ge et al. 1991; Krainer et al. 1991; Fu
et al. 1992; Zahler et al. 1992; Tian and Maniatis 1993;
Lynch and Maniatis 1995). These proteins function dur-
ing an early step in the commitment of a substrate to
splicing {Fu 1993), in the formation of the E complex
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(Staknis and Reed 1994}, and in bridging interactions be-
tween the 5’ splice site and the branch site (Wu and
Maniatis 1993). Addition of SR proteins can switch the
utilization of two competing 5 splice sites (Zahler et al.
1993; Zahler and Roth 1995}, possibly by directly bind-
ing to 5' splice sites and recruiting Ul snRNP (Kohtz et
al. 1994; Zuo and Manley 1994; Zahler and Roth 1995).
SR proteins also participate in splicing by binding to
exon splicing enhancers: sequences that stimulate adja-
cent splice site activity (Lavigueur et al. 1993; Sun et al.
1993; Tian and Maniatis 1993; Watakabe et al. 1993; Xu
et al. 1993; Dirksen et al. 1994; Tanaka et al. 1994). SR
proteins bound at these enhancers are postulated to pro-
mote U2 snRNP binding to the branch site, probably by
recruiting and stabilizing the interaction of the branch
site region with U2AF (Wang et al. 1995).

We demonstrated previously that SR proteins promote
efficient splicing in extracts that have been depleted for
U1 snRNP (Crispino et al. 1994). In a separate study, SR
proteins were shown to reconstitute the splicing of pre-
mRNAs in extracts where the Ul snRNP was blocked by
an antisense oligonucleotide (Tarn and Steitz 1994). SR
proteins have also been demonstrated to promote the
binding of U2 snRNP to the branch site of an RNA lack-
ing a 5’ splice site {Tarn and Steitz 1995).

Here, we present evidence that splicing in Ul snRNP-
depleted extracts supplemented with SR proteins has a
rate-limiting step distinct from that in mock-depleted
extracts. In Ul-independent reactions, a rate-limiting
step is the base pairing of the pre-mRNA with U6
snRNA, probably during the binding of the U4/U5/U6
tri-snRNP. We also demonstrate that the entire 5’ splice
site consensus sequence is recognized in the Ul snRNP-
depleted reactions.

Results

SR proteins promote complex formation in
U1 snRNP-depleted extracts in a
substrate-specific reaction

The efficiency with which SR proteins complemented a
Ul snRNP-depleted reaction was dependent on the par-
ticular pre-mRNA (Crispino et al. 1994). The B-globin
pre-mRNA was processed in the Ul snRNP-depleted ex-
tract supplemented with SR proteins (AUI +SR) to the
same extent as in mock-depleted extracts, whereas an
adenovirus pre-mRNA substrate, Adl, was processed at
~10% of the level observed in the mock-depleted ex-
tract. PIP85.A, a pre-mRNA with sequences based
largely on Adl, was not active for splicing in AU1 +SR
reactions. To further analyze the nature of this substrate
specificity, splicing reactions containing either the
B-globin or PIP85.A pre-mRNAs were assayed for both
splicing and spliceosome formation. As expected, the
AUI + SR reactions spliced B-globin to the same extent
as the mock-depleted extract (Fig. 1A, cf. lanes 1 and 2
with 7 and 8), whereas the PIP85.A substrate was inactive
(Fig. 1C, lanes 16-20).

Ul-independent pre-mRNA splicing

Analysis of the reactions in Figure 1, A and C, by na-
tive gel electrophoresis (Konarska and Sharp 1986, 1987)
revealed the predicted complexes in the mock-depleted
extracts {Fig. 1, B and D, mock lanes). Complex A, com-
posed of U2 snRNP stably associated with the branch
site, and complex B, formed by the binding of the U4/
U5/U6 tri-snRNP to complex A, were rapidly generated.
The slowest migrating complex, C, which is produced by
rearrangements within the spliceosome and the addition
of other protein factors, was difficult to distinguish in
these gels. Addition of SR proteins to mock-depleted ex-
tracts had little effect on complex formation or splicing
(Fig. 1, A-D, mock + SR lanes).

Ul snRNP is required for the stable binding of U2
snRNP under normal conditions (Barabino et al. 1990).
Consistent with this earlier finding, complex A forma-
tion was impaired on either pre-mRNA in the absence of
Ul snRNP (Fig. 1, B and D, AU1 lanes). However, addi-
tion of high concentrations of SR proteins greatly stim-
ulated the formation of complex A on the B-globin sub-
strate in the Ul snRNP-depleted reactions (Fig. 1B,
AU1 +SR lanes). The slower migrating B and C com-
plexes were also present, consistent with the observed
splicing activity in these reactions (Fig. 1A, AUl +SR
lanes). These complexes are less stable than those
formed in mock-depleted extracts, as they were not de-
tectable when reactions were electrophoresed at room
temperature instead of at 4°C (data not shown). The ad-
dition of SR proteins slightly increased the amount of U2
snRNP bound to the PIP85.A substrate in reactions de-
pleted of Ul snRNP (Fig. 1D, AU1 + SR lanes); this effect
was minimal when compared with that observed with
the p-globin substrate.

Thus, the difference between the splicing activities of
the two substrates in the Ul snRNP-depleted/high SR
conditions is reflected by the efficiency of formation of
the U2 snRNP complex. SR proteins stimulated the tran-
sition from H complex to complex A in a substrate-spe-
cific manner. The identities of the complexes formed
under the above conditions were confirmed by affinity
selection experiments using biotinylated pre-mRNAs
(data not shown). In addition, both pre-mRNAs failed to
form detectable snRNP-bound complexes in the U2
snRNP-depleted extracts, consistent with the A complex
being the earliest detectable species in this assay (data
not shown).

8C35 and SRp55 promote splicing in Ul
snRNP-depleted extracts

SR proteins derived from HeLa cells contain six major
species: SRp75, SRp55, SRp40, ASF/SF2, SC35, and
SRp20 (Zahler et al. 1992). To determine whether a sin-
gle species can reconstitute activity, SC35 and SRp55,
produced by baculovirus infection of insect cells, were
assayed for their ability to restore splicing to Ul snRNP-
depleted extracts (Fig. 2). The splicing of the B-globin
pre-mRNA in mock-depleted and Ul snRNP-depleted
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Figure 1. SR proteins promote complex A formation in reactions depleted of Ul snRNP. (A) Time course of splicing for p-globin
pre-mRNA in mock and Ul snRNP-depleted extracts, supplemented with either 450 ng of HeLa SR proteins or an equal volume of
buffer. Splicing intermediates and products are identified by icons at left. The 5’ exon RNA is not shown, although it was detected in
all active splicing lanes. The species marked with an asterisk {*) corresponds to a fragment protected by U2 snRNP from exonuclease
digestion. (B) Native gel analysis of the complexes formed on the B-globin pre-mRNA during the splicing reactions in A. The identities
of the H, A, B, and C complexes are indicated at left. {C) Time course of splicing for PIP85.A pre-mRNA in mock and Ul snRNP-
depleted extracts, supplemented with either 450 ng of HeLa SR proteins or an equal volume of buffer. (D) Native gel analysis of

complexes formed on the PIP85.A substrate in the reactions of C.

extracts supplemented with different SR proteins was
analyzed. Purified SC35 alone was sufficient to restore
an equivalent level of splicing to the Ul snRNP-depleted
extract as the HeLa SR proteins (Fig. 2, cf. lanes 4—6 with
lane 3). Purified SRp55 also promoted splicing in the de-
pleted extract, albeit with a reduced efficiency (lanes
7-9).

The activity of SC35 also parallels that of the complete
SR preparation in its sequence specificity. Although
SC35 was efficient in restoring splicing reactions with
the B-globin RNA, it did not promote splicing of the
PIP85.A substrate in Ul snRNP-depleted extracts and
only weakly restored splicing to the Adl pre-mRNA
(data not shown). SC35 also has the same activity in
assays for complex formation as described for the SR
proteins above (data not shown). To investigate the role
of SR proteins in splicing in a more defined system, pu-
rified SC35 was used in all subsequent experiments.
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The entire 5' splice site is recognized in U1
snRNP-depleted extracts supplemented with SC35

The sequences of the 5’ splice sites are conserved in
mammalian introns with a consensus of AG/GUAAGU
(the bar denotes the 5' splice site). A subset of these
nucleotides has been shown to be important in the bind-
ing of Ul and U6 snRNAs during the course of the splic-
ing process {for review, see Madhani and Guthrie 1994).
In reactions that lack Ul snRNP, one might predict that
those nucleotides whose sole function is in the base pair-
ing with Ul snRNA would be dispensable, whereas the
bases that are involved in additional contacts would be
required. To investigate the role of the 5 splice site dur-
ing splicing in the absence of Ul snRNP, point muta-
tions were introduced into the B-globin pre-mRNA at
several positions. These mutants were then incubated in
both mock and AU1 +SC35 (reconstituted) extracts. The
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Figure 2. Purified SR proteins complement splicing extracts
depleted for U1 snRNP. The B-globin pre-mRNA was incubated
for 90 min in either mock or Ul snRNP-depleted nuclear ex-
tracts and supplemented with HeLa SR proteins (900 ng), puri-
fied SC35 (100, 300, and 900 ng}, or purified SRp55 {100, 300, or
900 ng). The bands and icons are as described in Fig. 1.

rates of splicing in both reactions were determined and
compared with the rates obtained with the wild-type pre-
mRNA (see Materials and methods).

For the wild-type substrate, the rates of appearance of
splicing products in mock and reconstituted reactions
were similar (Fig. 3A, cf. mock and AU1 + SC35 splicing).
Parallel splicing reactions with the +1G— A mutant

+1 G—A mutant

Ul-independent pre-mRNA splicing

are shown. This mutation has been shown previously to
delay 5’ exon cleavage and to inhibit splicing by blocking
the second step of the reaction (Lamond et al. 1987). In
the mock-depleted extract, the RNA proceeded through
the first step at ~20% the rate of wild-type (Fig. 3A).
Splicing of the equivalent step for this mutant in the
reconstituted reactions was also reduced to 20% of wild-
type. This indicates that the G at the +1 position is
critical for efficient splicing in both reaction types.

The rates of splicing for several other point mutations
are summarized in Figure 3B. Positions —1, + 1, +2, and
+4 showed significantly reduced splicing rates in both
mock and reconstituted reactions. Therefore, these nu-
cleotides are important in both reaction pathways. In
contrast, the +5 and + 6 mutations had little effect on
splicing in mock-depleted reactions but demonstrated a
significant effect on splicing in the reconstituted reac-
tions. Changes in the identity of the —2 position did not
affect the rate of the first step in either pathway. This
suggests that the nucleotides between the —1 and +2
and +4 through +6 positions are critical in a rate-lim-
iting step of splicing in the Ul snRNP-depleted/SR sup-
plemented reaction.

Second-site mutations that increase potential pairing
to U6 snRNA stimulate splicing only in the
reconstituted reaction

Several results suggest that the rate-limiting step for
splicing in the reconstituted reactions is the binding of
U6 snRNA to the distal sequences of the 5’ splice site.
First, mutations in positions +5 and + 6, which are pre-
dicted to disrupt base pairing with U6 snRNA, have a
stronger phenotype on splicing in reconstituted reac-
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Figure 3. The 5’ splice site is recognized in the absence of Ul snRNP., (A) Time course of splicing of the wild-type and the +1 G— A
point mutant in complete or reconstituted reactions. The complete reactions contained mock-depleted nuclear extract, whereas the
reconstituted reactions were performed with Ul snRNP-depleted extract supplemented with 300 ng of SC35. The bands and icons are
as described in Fig. 1. For the + 1 G — A point mutant, cryptic splice sites are utilized, leading to alternate forms of lariat intermediates
and products. (B} Graphical representation of the relative rates of the first step of splicing. Values are the average of three or more
experiments with the error bars indicating 1 s.D. of the mean, except for the following mutants: —2G— A, +4A—>U,and +6U— A
where the value represents the average of two experiments, with the error bars the range of the two determinations.
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tions than in normal reactions. Second, two different
point mutations at the +4 position had different effects
on the rate of splicing in the reconstituted reaction only.
The +4 A — U mutant spliced twofold more efficiently
than the +4 A — G mutant. According to the current
model of U6 snRNA pairing to the 5’ splice site (Fig. 4A),
the adenosine at position 43 in U6 snRNA could base-
pair with the +4 A — U, increasing the stability of the
helix and, hypothetically, the rate of splicing. This argu-
ment is qualified by the fact that the wild-type A at +4
would also not pair with position 43 of U6 snRNA but is
more efficient than the +4U mutation. This may sug-
gest that this position is also recognized by another com-
ponent of the spliceosome. Interestingly, the same allele

specificity was observed in studies of the binding of the
U4/U5/U6 tri-snRNP to a short oligoribonucleotide
comprising the 5’ splice site (Konforti and Konarska
1994).

If the binding of U6 snRNA to the 5’ splice site is
rate-limiting, then mutations that stabilize the base pair-
ing of the 5’ splice site with U6 snRNA might accelerate
the rate of splicing in the reconstituted reactions. Previ-
ous studies have shown that positions +7, +8, and +9
of an intron can be recognized by base-pairing with U6
snRNA (Kandels-Lewis and Séraphin 1993; Lesser and
Guthrie 1993). Positions + 7 and +9 were changed to the
complementary bases of the U6 snRNA nucleotides 38
and 40 in the context of the wild-type B-globin 5’ splice
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Figure 4. U6 snRNA binding is rate-limiting for splicing in the AU1 + SR reactions. {A) Diagram of the 5’ splice site sequence of the
B-globin pre-mRNA and the proposed pairing of the human U6 snRNA (for review, see Madhani and Guthrie 1994). The mutations
introduced, which increase the complementarity between the 5' splice site and the U6 snRNA, are shown. (B} Splicing time courses
of B-globin, the +4 A — G mutant, the +7 U— A/+9 G — C mutant, and the double mutant are shown. Purified SC35 was added
to the Ul snRNP-depleted extract in the reconstituted reactions. The bands and icons are as described in Fig. 1. (C) Graphical
representation of the relative splicing rates for the +2, +4, and + 5 mutants, along with the respective double mutants. Values are the
average of three or more experiments, with the error bars indicating 1 s.D. of the mean, except for the following mutants: +2
U-C/+7U—->A/+9G— Cand +5G— A/+7U— A/ +9 G — C, where the values represent the average of two determinations,
with the error bars the range of the two determinations.
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site and in each of three point mutants {Fig. 4A). The
rates of splicing of these substrates were analyzed in
mock reactions and in SR reconstituted reactions (Fig.
4Q).

Splicing of the +4 A — G and +5 G — A mutants was
dramatically increased when the second-site mutations
were introduced. An increase from 27% to 100% of wild-
type splicing was observed in the reconstituted reactions
for the +4 A— G mutant, with little change in the
splicing in mock extracts (Fig. 4B,C). Similarly, the splic-
ing of the +5 G — A mutant increased from 37% of
wild-type rate in the reconstituted reaction to 92% when
the base pairing to U6 snRNA was increased. Again, the
double mutants spliced to the same extent in the mock
extracts.

In contrast, the +2 U— C mutant was not signifi-
cantly rescued by the mutations that increased U6 pair-
ing (Fig. 4C). Splicing was improved from 31% to 41%,
with no change in the splicing in mock extracts. Recog-
nition of the +2 U — C mutation is apparently not lim-
ited by base pairing to U6 snRNA but by some other
interaction.

U2-pre-mRNA complexes are formed in the
reconstituted reactions prior to recognition of
the 5’ splice site

The above results suggest that association of the U4/U5/
U6 tri-snRNP can be rate-limiting in the reconstituted
reaction. This binding depends on the presence of the U2
snRNP-pre-mRNA complex, which must have been
available in nonlimiting amounts even in reactions with
RNAs containing mutations in the 5’ splice site. In nor-
mal reactions, the association of the 5’ splice site with
Ul snRNP is rate-limiting, and a delay in the rate of
formation of the U2 snRNP complex can be detected for
substrates with mutations in the 5’ splice site. These
two results indicate that mutations in the 5’ splice site
should affect formation of the U2 snRNP A complex
differently under the two reaction conditions.

Ul-independent pre-mRNA splicing

The rate of complex A formation with the +1 G— A
mutation was compared with that of wild-type substrate,
both in mock and AU1 + SC35 reactions (Fig. 5). As dem-
onstrated previously for this mutant (Lamond et al.
1987), formation of the U2 snRNP complex A was
greatly reduced compared with wild-type pre-mRNA in
mock reactions. In contrast, for the same mutant, com-
plex A formation in the reconstituted reactions was de-
creased only slightly from that for the wild-type sub-
strates. The +4 A — G mutant also showed reduced
complex formation specifically in mock-depleted reac-
tions (data not shown). These results indicate that the 5’
splice site is recognized after U2 snRNP binding in Ul
snRNP-depleted extracts supplemented with SR proteins
and before U2 snRNP binding under complete reaction
conditions.

Discussion

High concentrations of SR proteins circumvent the re-
quirement for Ul snRNP in pre-mRNA splicing. This
bypass reaction is substrate specific, probably reflecting
the efficiency of binding of SR proteins. In this reaction,
SR proteins first promote the rapid association of U2
snRNP with the branch site, in a manner independent of
either Ul snRNP or the 5’ splice site (Fig. 6A). The entire
5' splice site consensus sequence is required in a step
after the formation of complex A (Fig. 6B). This recogni-
tion of the 5’ splice site occurs in a rate-limiting reaction
with or after the binding of the U4/U5/U6 tri-snRNP.
The distal nucleotides in the 5’ splice site are probably
recognized by base pairing with U6 snRNA, whereas the
proximal sequences interact with additional spliceoso-
mal components.

Base pairing with U6 snRNA is rate-limiting in U1
snRNP-depleted extracts

The consensus sequence at the 5’ splice site was recog-
nized in the Ul snRNP-depleted/SR reconstituted reac-

Wild-type +1 G-»A mutant
Mock AU1+SC35 Mock AU1+SC35
' Frasaad o s sl
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Figure 5. Native gel analysis of snRNP com-
plexes formed on wild-type B-globin and the +1
G — A mutant in the course of both complete and
reconstituted splicing reactions. Reaction mix-
tures were treated with heparin prior to loading

19 20 21 22 23 24 on the native polyacrylamide gel.
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A

Figure 6. (A) Proposed scheme for splicing in
complete and SR reconstituted reactions. In com-

plete reactions, Ul snRNP and SR proteins coop-
eratively interact to form E complex (Staknis and

Reed 1994). U2 snRNP then binds to the branch

site to produce complex A. In Ul-depleted ex-
tracts, excess SR proteins first form a complex

with the pre-mRNA and then promote the asso-
ciation of U2 snRNP with the branch site. (B)
Interactions at the 5’ splice site during the course B
of splicing. In complete reactions, both Ul and

U6 snRNAs base-pair to 5’ splice site sequences,

and an additional factor, X, recognizes the prox- HoU1
imal nucleotides in the 5’ splice site. In the SR
reconstituted reactions, U6 snRNA and factor X

bind to the 5’ splice site in rate-limiting steps.

tions, because mutations in these sequences reduced the
efficiency of splicing. This suggests that most of the po-
sitions between — 1 and +6 of the intron are recognized
by components other than Ul snRNP, probably U6
snRNA and other factors in the spliceosome (Fig.
6B). These results are consistent with previous experi-
ments that characterized the binding of a spliceosome-
type complex lacking Ul snRNP to oligoribonucleo-
tides containing the 5’ splice site sequence (Konforti and
Konarska 1994). They are also consistent with the se-
quence specificity of trypanosome and nematode trans-
splicing, which does not apparently require an analog
of Ul snRNP but does depend on the presence of
the consensus sequence of the 5’ splice site {Nilsen
1993).

Previous evidence suggests that U6 snRNA binds to
sequences +4, +5, and +6 of the 5’ splice site in the
spliceosome (Kandels-Lewis and Séraphin 1993; Lesser
and Guthrie 1993; Sun and Manley 1995). Disruption of
these interactions could explain the phenotypes of mu-
tations in these positions in the absence of Ul snRNP.
The proximal sequences, +1 and +2 of the 5’ splice site
are also critical for efficient splicing in the absence of Ul
snRNA. These sequences must interact with other com-
ponents of the spliceosome. One of these components is
probably the p220 protein of the U4/U5/U6 particle,
which cross-links to the base at the +2 position (J.L.
Reyes and M.M. Konarska, pers. comm.).

Changes in the nucleotides at positions +4 and +5
reduced the efficiency of splicing in both the Ul snRNP-
dependent pathway and in the Ul snRNP-depleted/SR
reconstituted pathway. The rates of splicing of these mu-
tants were increased significantly in the reconstituted
pathway, when additional changes at +7 and +9 that
improved the base pairing of U6 snRNA to the substrate
were introduced. However, the same changes did not in-
crease the rate of splicing in the Ul snRNP-dependent
pathway. This suggests that positions +4 and +5 were
recognized by the U6 snRNA in a rate-limiting step of
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splicing in the former pathway but not in the latter. In
the latter reaction, a step prior to the interaction with U6
snRNA is limited by mutations in the +4 and +5 posi-
tions, probably the Ul snRNP-dependent binding of U2
snRNP.

It is interesting that mutations at the +2 position can-
not be rescued by increasing sequence complementarity
to U6 snRNA. This suggests that this position is recog-
nized in a rate-limiting step other than the interaction
with U6 snRNA, perhaps by a factor critical for the
chemistry of the first step in splicing.

Although our data do not physically identify U6
snRNA binding as the rate-limiting event in Ul snRNP-
depleted reactions supplemented with SR proteins, the
combination of the mutant suppression results and the
fact that efficient formation of complex A occurs under
these conditions strongly implicates the interaction
with U6 snRNA as rate-limiting for recognition of the 5’
splice site. The effects of the intron +7 and +9 muta-
tional changes on splicing are most easily explained by
the facilitation of the binding of U6 snRNA. Because
these positions are not conserved among introns, it is
unlikely that some uncharacterized factor binds specifi-
cally to these sequences and affects splicing in vitro. The
only reasonable model is that U6 snRNA recognizes
these positions in a potentially rate-limiting manner in
the absence of Ul snRNP.

The data presented here give further strong evidence
that the splicing reaction in the extracts depleted of Ul
snRNP proceeds in a manner independent of this snRNP.
The rate-limiting step in the depleted—reconstituted re-
action was recognition of the 5’ splice site by U6 snRNA,
whereas under normal conditions, the rate-limiting step
is probably recognition of this sequence by Ul snRNP.
Thus, recognition of the 5’ splice site in the Ul snRNP-
depleted reactions is probably not mediated by contam-
inating levels of Ul snRNP, as it is unlikely that reduc-
ing the level of U1l snRNP would shift the rate-limiting
step to a subsequent step in the pathway.
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SR proteins promote A complex formation in the ab-
sence of U1 snRNP

The binding of U2 snRNP to pre-mRNAs usually occurs
after the formation of the E complex, which contains Ul
snRNP, U2AF, and SR proteins {Staknis and Reed 1994).
However, in the absence of Ul snRNP, the addition of a
threefold excess amount of SC35 is sufficient to form a
stable U2 snRNP complex with the substrate. As would
be anticipated from these observations, mutations in the
5 splice site do not affect the rate of formation of the U2
snRNP complex in the presence of high amounts of
SC35. This bypass reaction is sequence dependent, how-
ever, because it is not observed with the PIP85.A pre-
mRNA. This suggests that the SR proteins bypass a Ul-
dependent step by promoting the binding of U2 snRNP
to the branch site. SR proteins may also have a role in
recruiting the U4/U5/U6 tri-snRNP to the U2 snRNP-
substrate complex as well (R.F. Roscigno and M.A. Gar-
cia-Blanco, pers. comm.; Tarn and Steitz 1995). The sub-
strate specificity of this bypass reaction may reflect the
potential differences in affinities of the SR proteins for
the various substrates.

Preliminary studies with chimeric pre-mRNAs con-
taining sequences from B-globin and PIP85.A have dem-
onstrated that the 3’ portion of the B-globin RNA {com-
prising the branch site, polypyrimidine tract, and the 3’
exon), not the 5' splice site region (upstream of the
branch site), confers the ability to respond to the excess
SR proteins {data not shown). Thus, SR proteins may act
in Ul snRNP-depleted extracts by binding to a down-
stream sequence element and promoting the formation
of A complex. The activity of SR proteins in the recon-
stituted reaction is reminiscent of that of exon splicing
enhancer sequences. These sequence elements, which
bind SR proteins, are thought to promote splicing of up-
stream introns by increasing the binding of U2AF to the
branch site and thus assisting in U2 snRNP recruitment
(Wang et al. 1995).

The role of Ul snRNP in RNA splicing

Ul snRNP was originally shown to be required for splic-
ing by inhibiting its activity with either a specific anti-
body or cleavage with RNase H (for review, see Steitz et
al. 1988). Several genetic studies subsequently demon-
strated that the 5’ end of Ul snRNA associates with the
5' splice site by base pairing {Zhuang and Weiner 1986;
Siliciano and Guthrie 1988). Some mutations of the 5’
splice site were suppressed by compensatory changes in
Ul snRNA, but in many cases the compensatory
changes did not restore splicing activity (Séraphin et al.
1988; Siliciano and Guthrie 1988; Séraphin and Rosbash
1990).

We now know that the same 5’ splice site sequences
are recognized subsequent to Ul snRNA recognition, ex-
plaining this previously observed lack of complementa-
tion. These results are consistent with the hypothesis
that Ul snRNP’s primary role is to promote the assem-
bly of U2 snRNP on the branch site, perhaps by facili-

Ul-independent pre-mRNA splicing

tating the binding of SR proteins to the substrate RNA.
The subsequent interaction of SR proteins and the 70-kD
protein bound to the Ul snRNP with the SR factor U2AF
could increase the rate of binding of U2 snRNP (Wu and
Maniatis 1993; Kohtz et al. 1994). Ul snRNP is not,
however, an important component of the spliceosome
during execution of the chemistry of splicing.

In vivo, most pre-mRNAs are processed in the Ul-
dependent manner, but there may exist alternative path-
ways for splicing. Ul snRNP could have a limited role in
the splicing of some pre-mRNAs, specifically those that
have a high affinity for SR proteins. In the nucleus, SR
proteins are localized in speckles (Fu and Maniatis 1990;
Blencowe et al. 1994). Splicing may occur within these
speckles and on their periphery (Carter et al. 1993; Xing
et al. 1993) where the concentration of SR proteins may
be sufficiently high to promote splicing without Ul
snRNP. This secondary splicing pathway would give the
cell an additional way to regulate the splicing of different
classes of pre-mRNAs.

Materials and methods
Pre-mRNA substrates

Point mutants +1 G—> A, +2 U— A, and +2 U— C are the
previously characterized pBSAL 5, pBSAL 6, and pBSAL 7 plas-
mids, respectively (Lamond et al. 1987). The other mutant
B-globin pre-mRNAs were constructed by PCR-based mutagen-
esis, and the final constructs were sequenced. Wild-type and
mutant pre-mRNAs were transcribed using T3 RNA polymer-
ase {Pharmacia).

Preparation of snRNP-depleted nuclear extracts

HeLa nuclear extracts were depleted using the antisense affinity
selection method (Blencowe and Barabino 1995). The extracts
were characterized extensively for activity and extent of deple-
tion as described (Crispino et al. 1994),

HeLa SR proteins

SR proteins were prepared from HeLa cells and treated with
micrococcal nuclease as described (Zahler at al. 1992; Crispino
et al. 1994). SC35 and SRp55 were overexpressed in Hi-5 cells
and purified essentially as described {Fu 1993). These insect
cell-derived proteins were treated with micrococcal nuclease in
the same way as the HeLa cell preparation. The individual pro-
teins generated single bands on both Coomassie-stained SDS—
polyacrylamide gels and on Western blots probed with the mAb
104 monoclonal antibody (data not shown).

Splicing reactions

Splicing reactions were carried out under standard conditions
using 20% nuclear extract (Grabowski et al. 1984). SR proteins
were added at levels indicated in the figure legends. For the
native gel analysis in Figure 1, a fraction of the splicing reac-
tions was loaded directly onto 4% polyacrylamide (80:1) gels
that were electrophoresed in 1x TG (50 mmM Tris-glycine at pH
8.8). The remainder of the reactions were processed and ana-
lyzed on 6% polyacrylamide/8 M urea (19:1) gels in 1x TBE (89
mM Tris-borate, 2 mm EDTA) to assay the extent of the splicing
reactions. For the splicing complex analysis in Figure 5, the
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splicing reactions were treated with 0.5 mg/ml heparin for 5
min at 30°C prior to loading on the 4% polyacrylamide (80:1)
gels. The native gels were electrophoresed either at 4°C (Fig. 1B)
or at room temperature {Figs. 1D and 5).

Determination of relative splicing rates

Polyacrylamide gels were quantitated using a Molecular Dy-
namics Phosphorlmager and ImageQuant software version 3.22.
The relative rates of the first step of splicing were determined
essentially as described (Query et al. 1994). The relative amount
of RNA in each band was quantitated and expressed as a per-
centage of the total obtained from summing the intermediates,
products, and the precursor. For each band, an individual back-
ground value was determined from the region directly above
that band. First step rates were determined from the linear por-
tions of the curve and were calculated in such a way as to
include all RNA species that had undergone the first step of
splicing. The rates of splicing of the mutants were normalized,
using parallel control reactions, to that of wild-type B-globin for
each reaction type.
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A U6 snRNA:pre-mRNA interaction can be rate-limiting for
U1-independent splicing.
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