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A mutational analysis of spliceosome
assembly: evidence for splice site
collaboration during spliceosome
tormation
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We have analyzed the pathway of mammalian spliceosome assembly in vitro using a mebility retardation assay.
The binding of splicing complexes to both wild-type and mutant $-globin pre-RNAs was studied. Three
kinetically related, ATP-dependent complexes, a, 3, and v, were resolved with a wild-type B-globin substrate.
These complexes formed, both temporally and in order of decreasing mobility, « — 8 — v. All three complexes
contained U2 snRNA. The RNA intermediates of splicing, i.e., free 5’ exon and intron lariat + 3’ exon, were

found predominantly in the y complex. The RNA products of splicing, i.e., ligated exons and fully excised
intron lariat, were found in separate, postsplicing complexes which appeared to form via breakdown of .
Mutations of the 5’ splice site, which caused an accumulation of splicing intermediates, also resulted in
accumulation of the v complex. Mutations of the 3’ splice site, which severely inhibited splicing, reduced the
efficiency and altered the pattern of complex formation. Surprisingly, the analysis of double mutants, with
sequence alterations at both the 5’ and 3’ splice sites, revealed that the 5’ splice site genotype was important for
the efficient formation of a U2 snRNA-containing « complex at the 3’ splice site. Thus, it appears that a
collaborative interaction between the separate 5’ and 3’ splice sites promotes spliceosome assembly.
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Splicing of nuclear mRNA precursors (pre-RNA] in-
volves the joining of two specific splice sites that can
be widely separated, often by thousands of bases. The
mechanism of splice site selection is poorly understood
but must involve sequence recognition at both the 5’
and 3’ splice sites. Mutational studies have demon-
strated the importance of the conserved sequences lo-
cated at the intron—exon junctions of mammalian pre-
RNAs, e.g., a comprehensive analysis has been made for
a large collection of mutants in the large intron of rabbit
B-globin {Aebi et al. 1986). This has shown that mutants
with alterations in the highly conserved GU or AG din-
ucleotides, located, respectively, at the 5’ and 3’ splice
sites, promote the utilization in vivo of previously inac-
tive cryptic splice sites. In most cases the level of spliced
RNA appearing in the cytoplasm is also reduced. When
the same mutants were analyzed in vitro, they were
found to be processed in two separate ways. This either
generated spliced RNAs utilizing the same cryptic sites
observed in vivo or caused an accumulation of the
splicing intermediates, with the reaction arrested after
the initial 5’ cleavage event. Presumably these latter
RNAs are degraded in vivo.

Small nuclear ribonucleoprotein particles (snRNPs)
are an integral part of the nuclear splicing mechanism.

Specific degradation of snRNA sequences in any of the
snRNPs Ul, U2, U4, or U6 by treatment with RNase H
and complementary deoxyoligonucleotides inactivates
splicing in vitro (Kramer et al. 1984; Black et al. 1985;
Krainer and Maniatis 1985; Berget and Robberson 1986;
Black and Steitz 1986). Strong evidence suggests that the
Ul snRNP recognizes sequences at the 5 splice site
through RNA-RNA complementarity (Zhuang and
Weiner 1986). Another snRNP, U2, binds to sequences
upstream of the 3’ splice site forming a very stable com-
plex (Black et al. 1985; Konarska and Sharp 1986). This
U2 snRNP-precursor RNA complex kinetically pre-
cedes the formation of a multicomponent spliceosome,
which contains the intermediate RNAs in splicing, i.e.,
the lariat IVS-3’ exon RNA and the 5' exon RNA. The
mature spliceosome contains, in addition to U2, at least
three other snRNPs, U4, U5, and U6 {Grabowski and
Sharp 1986; Konarska and Sharp 1987). Surprisingly, as
purified, neither the initial U2 snRNP complex nor the
complete spliceosome contains Ul snRNA, though the
integrity of the Ul snRNP particle is essential for
splicing.

Spliceosomes were first detected as 40-60S com-
plexes by sedimentation velocity gradient analysis
(Brody and Abelson 1985; Frendewey and Keller 1985;
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Grabowski et al. 1985; Perkins et al. 1986). Higher reso-
lution of splicing complexes has been achieved by elec-
trophoresis in native polyacrylamide gels (Konarska and
Sharp 1986; Pikielny and Rosbash 1986; Pikielny et al.
1986). In most cases, either heparin or carrier RNA was
added to the samples to suppress nonspecific binding of
basic proteins. These conditions permitted the resolu-
tion of two complexes using nuclear extracts of mam-
malian cells (Konarska and Sharp 1986). The faster-mi-
grating complex contained U2 snRNP bound to se-
quences upstream of the 3’ splice site. The slower
complex corresponded to the spliceosome. Formation of
the U2 snRNP-precursor RNA complex kinetically pre-
ceded that of the spliceosome. Recently, gel electropho-
resis conditions were established which allow resolution
of splicing complexes in the absence of added polyanions
such as heparin or RNA. Under these conditions, many
endogenous snRNP—snRNP complexes can be detected
as well as splicing complexes {Konarska and Sharp 1987).

We report here an analysis of mammalian spliceosome
assembly using a native gel mobility retardation assay.
The interaction of splicing complexes with both wild-
type and mutant B-globin pre-RNA substrates has been
studied and these data point toward a stepwise pathway
for spliceosome formation. Surprisingly, recognition of
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the 5’ splice site is shown to be important for formation
of the U2 snRNP complex upstream of the 3’ splice site
even though this complex does not contain Ul snRNA.

Results
pre-RNA substrates

Wild-type pre-RNA substrate was synthesized by T3
RNA polymerase transcription of a DNA template
(pBSAL4) that contained a deleted form of the second in-
tron of rabbit B-globin (Fig. la). The intron was short-
ened by a deletion of the sequences between the Hincll
and 3'-proximal Sspl sites. These deleted sequences have
been shown not to influence either the efficiency or ac-
curacy of globin mRNA splicing in vivo. Uniformly la-
beled pre-RNA (428 nucleotides) was prepared by tran-
scribing EcoRI-digested pBSAL4. This pre-mRNA con-
tained an intron of 319 nucleotides length and 5" and 3’
exon lengths of 56 and 53 nucleotides, respectively.
Figure 1b shows the sequences of both the 5" and 3’
exon-—intron junctions. The natures of the point muta-
tions, which are analyzed in Figures 3 and 4 (below], are
indicated by arrows. Except for the specific point muta-
tions, the structures of these mutant pre-RNAs are iden-
tical with that of the pre-RNA substrate made from
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Figure 1. (a) Construction of pBSAL4. A plasmid template for the synthesis of -globin pre-RNA was made by way of a three-way
ligation between the BamHI—Hincll and Sspl-EcoRI fragments of the rabbit B-globin gene and the pBluescript vector that was cleaved
in the polylinker at both the BamHI and EcoRI sites. The resulting construct, pBSAL4, is wild type for both the 5’ and 3’ splice sites
but has had 254 nucleotides of internal intron sequences deleted. Globin exon sequences are shaded. Continuously labeled pre-RNA
was made by in vitro transcription of EcoRI-cut pBSAL4 with T3 RNA polymerase. (b] The nucleotide sequences of both the 5" and 3’
intron—exon junctions are shown for the wild-type B-globin pre-RNA substrate. Exon sequences are in upper case and intron se-
quences in lower case. Arrowheads mark the cleavage sites at each splice site, the branch acceptor is shown with an asterisk and the
polypyrimidine tract at the 3’ splice site is underlined. The location and genotypes of the point mutations analyzed in Figs. 3, 4, and 5
are shown by vertical arrows. Plasmids carrying mutant pre-RNA sequences downstream of the T3 promoter were constructed by an
identical strategy to that described above for pBSAL4, using the mutant globin plasmids described by Acbi et al. (1986).
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pBSAL4 (Fig. 1a). A 5' deletion mutant was made by sub-
cloning the SspI-EcoRI fragment, containing the wild-
type B-globin 3’ splice site |Fig. 1a), between the Hincll
and EcoRI sites of the pBluescript vector. The resulting
plasmid, pBSAL1, was then cut with EcoRI and pre-RNA
made by in vitro transcription with T3 RNA poly-
merase.

RNA splicing and complex formation

The kinetics of both splicing and complex formation
were analyzed in parallel (Fig. 2). As anticipated from
previous work, the intermediate RNAs in splicing, i.e.,
the 5’ exon and lariat intron-3' exon, appear after a lag
of approximately 30 min. The initial lag represents the
time required for the pre-RNA to associate with the

components of the splicing apparatus. At later times,
these intermediate species are converted into splicing
products, i.e., ligated exons and the lariat form of the
fully excised intron {Fig. 2a). As shown, the splicing of
pre-RNA in vitro is an ATP-dependent process. Aliquots
from the same samples were also assayed for the forma-
tion of splicing complexes by native gel electrophoresis
(Fig. 2b). Several points emerge from the kinetics of
complex formation. Almost instantaneously, the pre-
RNA is formed into a heterogeneous set of complexes
that we collectively refer to as ‘“‘sigma” complexes.
These sigma complexes are significantly retarded in mo-
bility relative to the free pre-RNA. The rapid formation
of sigma complexes proceeds at 0°C and in the absence
of ATP. Similar complexes also form on bacterial RNA
sequences that are not known to contain introns (Kon-
arska and Sharp 1986). Thus, the formation of sigma
complexes is not splicing specific, although it is likely
that these complexes can act as substrates for the subse-
quent binding of splicing-specific factors.

Figure 2 shows that during the 30-min lag period pre-
ceding pre-RNA cleavage, the substrate is assembled
into three, separable ATP-dependent complexes, termed
a, B, and y. These complexes were formed in a kinetic
order consistent with the order of decreasing mobility,
a— B — v. The o complex was detectable after only 2
min of incubation while the B complex appeared at 10
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Figure 2. (a) Kinetics of splicing for the wild-type 8-globin pre-RNA. The time course is from 0 to 2 hr. Annotations show the 5’ exon
as a shaded box and the 3’ exon as a filled box. The abundance of the free 5’ exon and spliced exons is visually underestimated as these
species are small and the RNAs are continuously labeled. Heterogeneity at the 3’ end of the pre-RNA, caused by staggered termination
by T3 RNA polymerase at the EcoRI terminus of the DNA template, is responsible for the cluster of four to five bands seen in the
position of the spliced exons. Size markers used here and on the other denaturing gels are Mspl fragments of pBR322, end-labeled with
[32P]dCTP. (b) Kinetics of complex formation for wild-type B-globin pre-RNA. Twenty-five percent of each of the samples analyzed for
RNA splicing in a was loaded onto a native polyacrylamide gel. The zero time point represents a time of <10 sec between adding the
pre-RNA to nuclear extract and loading it onto the gel.
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min. The appearance of the y band, at 30 min, coincided
with the time when pre-RNA cleavage was first detected
(see Fig. 2}. Accumulation of the y complex continued
from this point until later times when it decreased in
proportion to other species. These kinetics suggest that
v represents the spliceosome. We note that a small accu-
mulation of radioactivity at the origin of the gel oc-
curred with kinetics almost identical to those of v for-
mation. Interestingly, the material sticking at the origin
also decreased at later times, in parallel with the disap-
pearance of y. We have so far been unsuccessful in deter-
mining its composition. It may represent the nonspecific
aggregation of - and y-type complexes or, alteratively,
a higher-order form of spliceosome structure. The par-
allel between the formation of the y band and RNA
splicing is further underlined by a titration of magne-
sium chloride concentration. Splicing in vitro requires
divalent cations. In this assay system the optimum mag-
nesium chloride concentration was approximately 3
mwM, while concentrations of less than 1 mm or greater
than 5 mm magnesium chloride severely inhibited
splicing. The optimum magnesium chloride concentra-
tion for y-complex formation was also seen at approxi-
mately 3 mm and at either high or low magnesium con-
centrations, where splicing was inhibited, vy was not de-
tected {data not shown).

5' splice site mutations

The dependence of complex formation on sequences at
the 5" and 3’ splice sites was tested. Certain point muta-
tions of the highly conserved GU dinucleotide at the 5’
splice site have been shown to inhibit splicing by
blocking the second step of the reaction, i.e., the conver-
sion of RNA intermediates to products (Newman et al.
1985; Parker and Guthrie 1985; Reed and Maniatis 1985;
Aebi et al. 1986). Thus, these mutations still allow accu-
rate 5’ cleavage, but totally inhibit subsequent cleavage
and ligation at the 3’ splice site. The kinetics of both
splicing and complex formation of the two 5’ splice site
mutations shown in Figure 1b have been analyzed. The
two mutations gave essentially identical results and a
set of data for one mutant, G — A, is shown in Figure 3,
a and b. As expected, analysis of splicing of the G — A
substrate showed that the RNA intermediates were
blocked from conversion to products and accumulated
with time. An additional phenotype was apparent from
this kinetic analysis; the rate of 5' exon cleavage was
markedly reduced compared with wild-type (cf. Figs. 2a
and 3a). These splicing phenotypes are consistent with
the effects of the mutations on the formation of splicing
complexes (Fig. 3b). The kinetics of formation and accu-
raulation of the y band were one and the same as those
of the splicing intermediates. In contrast to the situation
with the wild-type substrate, the y complex continued
to accumulate throughout incubation. Comparison of
the kinetics of complex formation by wild-type and
G — A mutant substrates also showed that the rate of y
formation was slower in the mutant case. The primary
effect was a reduction in the rate of o formation with the
mutant substrate, after which the 8 and v bands formed

Mutational analysis of spliceosome assembly

quite rapidly. This implies that the formation of v is af-
fected by the genotype of the 5’ splice site and that its
formation represents a rate-limiting step during spliceo-
some assembly.

The assembly of complexes was also examined on a
deleted RNA substrate that contained the wild-type 3’
splice site and branch site sequences, but was lacking
the 5' splice site region, including the wild-type 5’
cleavage site and the two major cryptic cleavage sites.
Surprisingly, this truncated RNA also formed three
bands, a’’, B/, and y'’, with kinetics very similar to that
of the 5’ point mutants previously described {Fig. 3d).
Once again, the major effect on kinetics was a reduction
in the rate of formation of a’’, supporting the contention
that the formation of this complex is normally enhanced
by recognition of the wild-type 5’ splice site. All the
complexes formed with the 5’ splice site deletion mu-
tant RNA migrated faster than the corresponding ones
formed on the wild-type precursor. This is at least
partly, and may be entirely, due to the reduced length of
the deleted pre-RNA (A.I. Lamond, unpubl.]. Whether
these a'’, B'’, and y'’ bands are identical in composition
and structure to those formed on a wild-type substrate,
however, remains to be established. A careful analysis of
the RNA products from a splicing reaction revealed that
the 5’ deletion mutant substrate will promiscuously
form lariats, at very low levels, utilizing a cluster of
novel cryptic 5’ splice sites (data not shown). It is there-
fore difficult to assess whether spliceosome formation
can actually proceed in the total absence of a functional
5' splice site, or whether some weak form of 5’ interac-
tion is necessary to promote assembly.

In contrast with the observed binding of complexes to
a RNA containing only the 3’ splice site region, no spe-
cific complex formation was observed using a B-globin
pre-RNA that contained only the wild-type 5’ splice site
region. Assays performed without ATP, or with mutant
5’ splice site sequences, similarly showed no sign of spe-
cific complex formation in the absence of a 3’ splice site
(data not shown).

3’ splice site mutations

The phenotypes of two separate point mutations at the
3’ splice site (cf. Fig. 1b}, have been assessed with respect
to both splicing and complex formation. The data for
one mutant, 3’ A — U, are presented. The 3' G — U mu-
tant gives an identical result. In agreement with pre-
vious studies (Aebi et al. 1986, this 3’ A — U mutation
severely inhibits splicing in vitro {Fig. 3a). Only trace
amounts of RNA intermediates, and no fully spliced
products, were detected, even after long periods of incu-
bation. A correspondingly dramatic inhibition of spli-
ceosome assembly was observed with the native gel
electrophoresis assay {Fig. 3c). Even at the longest times
of incubation, only a small fraction of the pre-RNA was
assembled into ATP-dependent complexes, the rest re-
mained in the sigma region. While three separate ATP-
dependent bands were formed, their relative mobilities
differed from those formed on the wild-type substrate
{data not shown). These bands are labeled in order of de-
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Figure 3. (a) Kinetics of splicing for mutant pre-RNAs. The 5’ point mutant G — A and 3’ point mutant A — U {cf. Fig. 1b] were
assayed for splicing activity in vitro over a 3-hr time course. (b,c) Kinetics of complex formation for the 5’ and 3’ point mutant
pre-RNAs assayed in a. {d) Kinetics of complex formation for a pre-RNA which has had the 5’ splice site deleted.
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creasing mobility as o', u, and p’. Bands o’ and B’ ap-
proximately comigrate with the o and g bands formed
on either the wild-type or 5’ point mutant substrates. By
contrast, the w band clearly migrates in a novel position
and its formation appears to be specific for pre-RNAs
with mutations at the 3’ splice site.

Figure 3c shows that both the rate and the quantity of
a-type complex formation with the 3’ point mutant sub-
strate is sharply curtailed relative to o complex forma-
tion with the wild-type substrate {Fig. 2b). Thus, again,
it appears that a major rate-limiting step is the forma-
tion of this faster-migrating, ATP-dependent complex
and that recognition of the 3’ splice site plays a quantita-
tively greater role in the formation of splicing complexes
than does recognition of the 5’ splice site. The small
quantity of splicing intermediates generated with sub-
strates containing mutations at the 3’ splice site could
be due to either a fully formed spliceosome that was
present at such a low abundance that it was not detected
here, or, alternatively, to the inefficient activity of an
aberrant complex migrating in the p or B’ bands.

The novel species, p, may correspond to an authentic
intermediate in the pathway of spliceosome formation
which, in the presence of a wild-type 3’ splice site, is
rapidly converted to another form {e.g., B or v) and is
therefore not detectable. Alternatively, the u band may
be a completely aberrant complex that only arises when
the normal binding reaction is perturbed by a mutation
at the 3’ splice site.

Distribution of pre-RNA species between complexes

Both kinetic analysis and the phenotypes of mutant
RNAs suggest that the y complex corresponds to the
spliceosome and that the o complex is a precursor to the
spliceosome. To probe further the relationships between
the various forms of complexes detected by the mobility
retardation assay, the distribution of radioactive pre-
RNA species migrating in the vicinity of the complexes
was analyzed. After incubation with uniformly labeled
substrate RNA, a standard reaction was resolved on a
native polyacrylamide gel and then RNA eluted from
each section of the gel was resolved on a second dena-
turing polyacrylamide gel which contained 8 M urea.
The distribution of RNA species from a wild-type sub-
strate was assayed after both short and long incubation
times (Fig. 4a,b). The results clearly show that the inter-
mediates and products of the splicing reaction parti-
tioned across the native gel in a specific pattern.
Unreacted pre-RNA was found in varying amounts in all
positions of the gel, indicating its location in multiple
types of complexes. In particular, it shows that intact
pre-RNA can be assembled into complexes migrating at
a, B, and y mobilities. The intermediates of splicing, i.e.,
the 5’ exon and lariat intron—3’ exon, comigrated to-
ward the top of the gel at the position of the y band. The
fact that both intermediate species precisely co-peak
strongly suggests that they are part of a complex, i.e., the
spliceosome.

The location of the splicing intermediates in the vy
band is further demonstrated by an analysis of the distri-

Mutational analysis of spliceosome assembly

bution of RNA species formed by the 5’ point mutant
substrate {5’ G — A). The splicing of this mutant RNA
results in the accumulation of both the intermediate
RNAs and the vy band (Fig. 3a,b). The distribution of
RNAs across the native gel (Fig. 4c) shows that the in-
termediate species formed with the 5’ point mutant sub-
strate again co-peak at a mobility coincident with the y
band. We, therefore, conclude that a splicing complex,
which migrates at the position of the y band, contains
the RNA intermediates of the splicing reaction and may
be responsible for generating them.

In contrast with the two intermediate species, the two
products of splicing, i.e., the spliced exons and the fully
excised intron lariat, did not comigrate in the native gel
(Fig. 4a,b). Rather, the RNA products migrated in sepa-
rate positions, neither of which coincided with the , B,
or y bands that form prior to cleavage of the pre-RNA. A
potentially important exception is that a small amount
of the excised intron is apparently enriched in the vy
band. This suggests that, upon completion of splicing,
the spliceosome breaks down in a specific way, releasing
at least two types of postsplicing complexes that contain
the separate reaction products. A large particle, with an
apparent mobility intermediate between a and B, retains
the excised intron lariat. A smaller complex, containing
the spliced exons, migrates with a similar mobility to
the sigma complexes. Possibly the bulk of the spliceo-
some remains in the larger complex with the excised in-
tron. The position of migration of the spliced exons in-
dicates that they are not present simply as free RNA.
However, the heterogeneity of their position of migra-
tion is redolent of the rapidly formed sigma complexes
and may indicate that they are associated with the same
types of factors. It should also be noted that the particles
containing the spliced exons migrate sufficiently rapidly
that they have run off the bottom of most of the native
gels shown.

Collaboration between 5' and 3' splice sites

As noted above, the rate of formation of the initial
complex is reduced by mutations at the 5' splice site. To
investigate the possibility that recognition of the 5’
splice site was important for formation of o, we tested a
series of pre-RNA substrates with combinations of wild-
type and mutant genotypes at both the 5’ and 3" splice
sites, for activity in formation of complexes (Fig. 5). In
each case where the substrate RNA contained a wild-
type 3’ splice site, three ATP-dependent bands were
formed (Fig. 5, lanes a). However, when the 3’ splice site
was mutated to either of the point mutations A — U or
G — U (cf. Fig. 1b), then both the pattern and efficiency
of complex formation was influenced dramatically by
the genotype of the cognate 5' splice site (Fig. 5, b and ¢
lanes). A significantly larger amount of complex forma-
tion was observed when the 3’ mutants were combined
with a wild-type 5’ splice site than when they were
combined with 5’ splice sites that carry either of the
point mutants G — A, or U— A (cf. Fig. 1b). If the &’
mutants were combined with a deletion of the 5’ splice
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Figure 5. Complex formation with combinations of 5’ and 3’ splice site mutations on the pre-RNA substrates. In each of the four
panels, which correspond to alternative 5' splice site genotypes, the 3' splice site is genotypically either wild type (a), 3' A— U (b}, or
3" G— U [c). The positions of the mutated nucleotides in the pre-RNA are those indicated in Fig. 1b. All the pre-RNAs were incu-
bated in nuclear extract for 90 min at 30°C, except for the fully wild-type pre-RNA (5’ SS wild type, lane a), which was incubated for
only 45 min at 30°C. In each panel, arrowheads indicate the location of the ATP-dependent splicing complexes formed in the presence
of a wild-type 3’ splice site. The degree of separation between the complexes is not uniform as each panel is taken from a separate

native gel.

site {analyzed in Fig. 3d), then no complex formation
was detectable (Fig. 5).

These data, in combination with the studies of ki-
netics presented in Figure 3, argue strongly that forma-
tion of the a complex is facilitated by recognition of
both the 5’ and 3’ splice sites. They also argue that the
quantitative contributions of the separate splice sites are
not equivalent. Rather, the genotype of the 3’ splice site
is crucial for productive formation of a, whereas the 5’
splice site genotype is by comparison only important.

o Complex contains U2 snRNA

Previous studies using the first intron of the adenovirus
major late transcript showed that spliceosome assembly
was preceded by the formation of an ATP-dependent
pre-spliceosome complex, which contained U2 as its
only snRNA component (Grabowski and Sharp 1986;
Konarska and Sharp 1986). The U2 snRNP was bound to
sequences upstream of the 3’ splice site. The snRNA
composition of the a complex formed on both wild-type
and mutant B-globin pre-RNA substrates was therefore
investigated by Northern blotting to determine whether
a corresponds to the same U2 snRNP complex.

As shown in Figure 6, all the ATP-dependent bands
that were recognized by a probe complementary to the
B-globin pre-RNA were also recognized by a probe com-
plementary to U2 snRNA. By contrast, none of the com-
plexes is recognized by a probe complementary to Ul

snRNA. Thus, we conclude that the pre-spliceosome a-
type complexes that form on wild-type and mutant B-
globin pre-RNAs are all U2 snRNA-containing com-
plexes similar to that previously described with an aden-
ovirus pre-RNA substrate. Additional experiments, to be
reported elsewhere, further show that all of the a-type
complexes contain only U2 snRNA and none of the
other abundant snRNAs, i.e., U4, U5, and U6, which
have been shown to be stable components of the mature
spliceosome (Lamond et al., in prep.). This is consistent
with o being an intermediate in a stepwise pathway of
spliceosome formation.

Discussion

The interaction of cellular components with both wild-
type and mutant pre-RNA substrates in the formation of
splicing complexes has been analyzed by means of a mo-
bility retardation assay. The pre-RNA was sequentially
assembled into three, separable, ATP-dependent com-
plexes that were resolved as bands «, B, and . The tem-
poral order of appearance of these complexes corre-
sponded to their rate of migration; o appeared first and
migrated fastest while y appeared last and migrated
slowest. The appearance of y coincided with cleavage of
pre-RNA at the 5’ splice site which generates the
splicing intermediates, i.e., 5’ exon and intron lariat—3’
exon. In addition, both of these intermediate species
were also found in the y band. The independent criteria
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Figure 6. Northern blot analysis of snRNAs present in complexes formed on wild-type and mutant B-globin pre-RNAs. Unlabeled
pre-RNAs—wild type (a}, 5’ A (b), 5 G— A (¢}, and 3’ A— U (d) (cf. Fig. 1b}, were incubated in nuclear extract under splicing
conditions, separated on a native polyacrylamide gel, and blotted as described by Konarska and Sharp (1986). The same blot was then
probed sequentially with 32P-labeled antisense B-globin pre-RNA, antisense U2, and antisense Ul snRNAs. Nuclear extract was also
assayed, (+) and {—) ATP, in the absence of exogenous pre-RNA as a negative control.

of (1) y formation directly correlating with splicing ac-
tivity for both kinetics and reaction conditions (Fig. 2),
(2) v being affected by specific point mutations that
block splicing (Fig. 3), and (3) the presence of both RNA
species of the reaction intermediates in v (Fig. 4), suggest
that an active form of the spliceosome migrates in the
position of the y band.

At later times in the reaction, as the RNA interme-
diates are converted to products, y breaks down and the
reaction products, i.e., spliced exons and intron lariat,
partition between two separate types of postsplicing
complexes. The larger form of the postsplicing complex
retains the fully excised lariat intron, while the spliced
exons appear to be associated with a small, or rapidly
migrating, sort of particle. The potential location of the
excised intron lariat in a postsplicing complex was pre-
viously indicated by the observation that the lariat is
largely resistant to debranching, even though the nu-
clear extract contains an effective debranching activity
that rapidly hydrolyzes the 2'-5’ phosphodiester bond at
the branch site of exogenously added, branched sub-
strates (Ruskin and Green 1985a). In agreement with
these data, the excised intron of an adenovirus-derived
pre-RNA has similarly been shown to be associated with
a large, postsplicing complex (Konarska and Sharp 1987).
It will also be of great interest to identify the composi-
tion of the postsplicing particles that contain the spliced
exons. Potentially, the presence of a specific set of com-
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ponents, perhaps derived in whole or in part from the
spliceosome, could influence the subsequent fate of the
bound RNA, e.g., by designating it for export from the
nucleus.

The most speculative aspect of the scheme outlined in
Figure 7 is the implied precursor—product relationship
between the various forms of complexes. This is the
most obvious relationship, but the present data certainly
cannot exclude that one or more of these complexes re-
sults from an interaction that is not directly related to
the assembly of authentic spliceosomes. Definitive
proof must await reconstitution experiments with a
highly purified system. However, given the very clear
sequential relationship inherent in the observed kinetics
of complex formation, and given that point mutations
that reduce the rate of splicing also reduce the rate of
forming a, it is not unreasonable to postulate such a pre-
cursor—product model. If correct, it indicates a stepwise
pathway for the assembly of mammalian spliceosomes,
with snRNPs acting as subunits. A similar, stepwise
scheme has been proposed recently for spliceosome as-
sembly in the budding yeast, Sacharomyces cerevisiae
(Pikielny et al. 1986). Although seemingly different in
detail, the general similarity between the processes in
yeast and mammals is quite striking, and probably re-
flects the antiquity and evolutionary conservation of the
splicing machinery.

The analysis of mutant substrates indicated that the
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3’ splice site is likely to be the primary recognition site
for the binding of splicing complexes. This is consistent
with previous in vitro studies on splicing of the first in-
tron of human B-globin. Using an assay based on protec-
tion from oligonucleotide-directed cleavage by RNase H,
it was shown that during an in vitro splicing reaction,
the first detectable ATP-dependent complex forms on
sequences upstream of the 3’ splice site (Ruskin and
Green 1985b). Also, RNase T1 protection studies on an
adenovirus pre-RNA substrate have shown that an ATP-
dependent, U2 snRNP complex assembles at the 3’
splice site early in the splicing reaction {Konarska and
Sharp 1986). This complex almost certainly corresponds
to the « complex described here. What we see as novel is
the evidence for collaboration between the 5' and 3’
splice sites in promoting the formation of a during spli-
ceosome assembly. It is of particular interest that, at a
very early stage of the assembly process, the 5' splice
site is able to facilitate the binding of a putative spliceo-
some subunit, the U2 snRNP, at the 3’ splice site. It is
possible, then, that the rate of splicing of a particular
intron is a blend of the efficiency of recognition of the
sequences at the 3’ splice site by U2 snRNP, perhaps in
conjunction with other factors, and the efficiency of in-
teraction with components recognizing the 5’ splice site.
At the moment, it is thought that a protein is respon-
sible for recognition of the polypyrimidine tract and AG
at the 3’ splice site (Tazi et al. 1986; Gerke and Steitz
1986). How U2 snRNP interacts with this protein during
« formation and whether events at the 5 splice site pro-
mote the binding of this protein or U2 snRNP remain to
be determined.

The mechanism by which the 5’ splice site affects the
rate of a complex binding could involve a trans-acting
factor other than U2 snRNP. Such a factor might simul-

Mutational analysis of spliceosome assembly

Figure 7. A summary of the assembly of B-globin
pre-RNA into separable complexes during an in vitro
splicing reaction is illustrated schematically. Only
the sigma complexes form in the absence of ATP. The
persistence of sigma components in the subsequent
ATP-dependent complexes is shown here by conjec-
ture. So far, this has not been directly demonstrated
by experimentation. The y complex is illustrated as a
circle containing U2 snRNP. Both the g and y com-
plexes, as we will report elsewhere, contain other
snRNPs in addition to U2.

taneously interact with 5’ splice site sequences and U2
snRINP to facilitate the formation of a stable a complex.
An obvious candidate for this role is Ul snRNP, as pre-
vious studies have shown that it can interact, separately,
with both 5’ splice site sequences and, albeit weakly,
with a U2 snRNP particle (Black et al. 1985; Mattaj et al.
1986; Zhuang and Weiner 1986). If Ul snRNP is inter-
acting with U2 snRNP in the reaction, either this
pairing is unstable under our gel assay conditions or the
interaction is only transient in nature. Northern hybrid-
ization analysis has shown that Ul snRNA is not
present in the « complex at 1/100th the level of U2
snRNA. Another, alternative possibility is that the «
complex is composed of a U2 snRNP particle that can
itself recognize both the 5’ and 3’ splice sites. In this
case, U2 snRNP may perhaps bind more avidly when
contact is made simultaneously to both sequences. Dis-
tinguishing between these alternatives seems important
and focuses future experimentation on establishing the
potential role of Ul snRNP in the generation of a U2
snRNP-containing complex at the 3’ splice site.

Note added during review

A similar mobility retardation assay has also been used
to analyze splicing complexes formed with a substrate
RNA containing the leader 1 and 2 exons of adenovirus
(Konarska and Sharp 1987). Two complexes, A and B,
were resolved in this study. It is likely that the a com-
plex formed with the B-globin substrate corresponds to
the adenovirus A complex but these two complexes
could differ in minor ways. Although it is not fully es-
tablished, we believe that the equivalent complexes to
the globins B and vy comigrated in the adenovirus B com-
plex band in the previous study of Konarska and Sharp
(1987).
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Materials and methods
In vitro splicing assays

Nuclear extracts were prepared from HeLa cells as described by
Dignam et al. (1983). Splicing reactions were done at 30°C,
usually in a 10-pl volume, with the following standard condi-
tions {final concentrations): 35% nuclear extract (vol/vol), 40
mm KCl, 3 mm MgCl,, 9 mm HEPES NaOH (pH 7.9), 12% glyc-
erol (vol/vol), 70 um EDTA, 0.7 mM DTT, 1.5 mm ATP, 5 mm
creatine PO,, 1 unit/pl RNASIN, and ~40 pg/ul pre-RNA (105
cpm/ng).

Nuclear extract was always preincubated for 15 min at 30°C
prior to the addition of pre-RNA. For subsequent RNA analysis
the samples were treated with 200 pl of proteinase K [100 pg in
0.5 m NH,OAc (pH 7), 10 mm MgCl,, 0.1% SDS {vol/vol}, and
0.1 mm EDTA], for 10 min at 30°C, then extracted twice with
phenol/chloroform (1 : 1), once with chloroform and ethanol
precipitated together with 5 p.g of tRNA carrier. Ethanol pellets
were washed with 70% ethanol, resuspended in formamide,
heated at 65°C for 10 min, and analyzed on 5% polyacryl-
amide/8 M urea thin gels run in 1 x TBE buffer. For the analysis
of splicing complexes 3-pl aliquots from the splicing reactions
were loaded directly onto 4% native polyacrylamide gels and
run in 50 mm Tris glycine buffer as described by Konarska and
Sharp (1987).

Elution of RNA from native gels

Complexes separated on native polyacrylamide gels were elec-
troblotted onto DEAE membrane (Schleicher & Schuell NA45),
in 50 mM Tris glycine buffer. The membrane was then cut into
horizontal strips and the RNA eluted from each strip by incu-
bation in BOB buffer [50% formamide (vol/vol], 20 mm Tris
HCI (pH 7.5), 1 M NaOAc, 0.1% SDS, and 0.1 mm EDTA], for 1
hr at 68°C. Approximately 50% of the RNA was eluted from
the filter by this procedure. Samples were spun for 5 min in a
microfuge to pellet residual membrane fragments and then the
aqueous material extracted once with phenol/chloroform {1 : 1)
and once with chloroform, followed by ethanol precipitation
together with 10 pg tRNA carrier. The eluted RNAs were sub-
sequently analyzed by electrophoresis in 5% polyacrylamide/8
M urea gels run in 1 x TBE buffer.

Synthesis of pre-RNA substrate

pre-RNA substrates were made by transcribing EcoRI-cut
pBluescript—B-globin plasmids with T3 RNA polymerase (Stra-
tagene Cloning Systems). Standard transcription conditions
were (final concentrations): 40 mm Tris HC] (pH 7.9), 8 mm
MgCl,, 2 mM spermidine, 50 mm NaCl, 10 mm DTT, 50 pm A,
U, C, and GTP, 1 mM 5', 5’ GpppG, 50 uCi [a-32P[UTP, 100
pg/ml DNA template, 1 unit/p] RNASIN, and 0.5 units/pl T3
RNA polymerase.

Transcription reactions were performed for 2 hr at 37°C and
the full-length pre-RNAs subsequently isolated from 5% dena-
turing polyacrylamide gels, eluted as described by Grabowski et
al. (1985), and further purified by chromatography on DEAE
cellulose as described by Grabowski et al. (1984).
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A mutational analysis of spliceosome assembly: evidence for splice
site collaboration during spliceosome formation.
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