














SPLICE SITE SELECTION IN RNAs WITH MULTIPLE EXONS 91

E.

(186) P2-

(94) P1 -

94 196 300 496 600
0 30 0 30 0 30 0 30 0 30

- P5 (590)
- P4 (486)w__ r

qbqmp-w
It ^ ."

5' 3' 5'
7E-E1E

94-600
FIG. 4-Continued.

of nonspecific sequence to El * E2A5 substrater
splice site within exon 2 strongly inhibited as:
5B). A, A', and B complexes were observed oI
addition of nonspecific information was limited
tides. Note that the longest length (350 nucleoti
the permissive substrates was longer than that
tides) added to the nonpermissive substrates. T1
presence of a complete second exon with its
splice site enhanced initial spliceosome assemb

When precursor RNAs containing expanded second ex-
ons, El - E - 2, were examined, precursors with 94, 1%,
and 300 nucleotides of exon all assembled well. Normal
efficiency and complex mobility were observed. Therefore,
extending information was inhibitory to complex formation
only if it lacked a 5' splice site.

DISCUSSION

- P3 (290) Initial assembly of the spliceosome is dictated by interac-
tions at the 3' end of the intron (4, 7, 8, 12, 13, 18, 19, 24, 25,
43, 46, 49). A variety of factors, including Ul snRNPs (63,
64), participate in this initial recognition step. We show here
that sequences within the exon downstream of the 3' splice
site facilitate initial complex formation. If these sequences
contain a 5' splice site, complex formation occurs rapidly; if
they do not, initial complex formation and subsequent splic-
ing are inhibited. Therefore, when 3' intron sequences are
followed by a valid exon with its resident 5' splice site, initial
assembly is rapid and stable. We suggest that the exon is the
initial unit of assembly (Fig. 6) and that communication
between 3' splice site recognition factors (U2 and U5
snRNPs and associated proteins) and 5' splice site recogni-
tion factors (Ul snRNPs and associated proteins) functions
to concertedly recognize both ends of an exon during early

2 assembly. We term this first step exon definition. A subse-
quent rearrangement would be required to break contacts
across exons and remake them across introns, to define
introns for catalysis. RNP gel electrophoresis of splicing
complexes indicates that multiple presplicing complexes are
formed with simple, single-intron substrates (24, 25, 43, 64),
supporting the possibility of spliceosome rearrangements

s lacking a 5' and conformational changes during assembly.
sembly (Fig. We suggest, therefore, that the assembly machinery
nly when the searches precursor RNA sequences hunting for 5' splice
Lto 3 nucleo- sites lying a short distance downstream of 3' intron se-
les) added to quences. In their presence, an exon is defined and stable
(213 nucleo- assembly intermediates accumulate; in their absence, no
herefore, the exon is defined and stable assembly intermediates are not
s resident 5' created. A directional search has been postulated to explain
ly. how 3' splice sites are selected downstream of initial recog-
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FIG. 5. Enhancement of assembly of two-exon precursor RNAs by the presence of a 5' splice site in exon 2. The reactions analyzed for
assembly in Fig. 4 were sampled for assembly at the indicated times. Equal amounts of the substrates were incubated in in vitro splicing
reactions for the indicated times and analyzed for assembly by RNP gel electrophoresis. Specific splicing complexes A, A', and B are
indicated. The aberrant migration of the complexes formed with the 107- and 213-nucleotide extended second exons lacking 5' splice sites was
reproducible but has not been further investigated.
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FIG. 6. Exon definition as a first step in spliceosome assembly.
A postulated mechanism whereby exons are recognized as a unit
during early spliceosome assembly is shown. Only an interior region
of a polyexonic precursor RNA is indicated. 5'- and3'-terminal exon

recognition would require additional factors (see text). 19, Exons.
The multiple factors initially recognizing sequences at the 3' end of
the intron are represented as a U2 snRNP for simplicity. A single
pair of Ul and U2 snRNPs is highlighted to facilitate following a

single exon.

nition of branch and pyrimidine sequences (29). Our model
extends such a search through the exon. An assembly
mechanism requiring concerted recognition of the 3' and 5'
splice sites bounding and defining an exon would suggest
that 5' and 3' splice sites will be located close to each other.
Indeed, internal exons [those not containing cap sites or

poly(A) sites] have a natural 300-nucleotide size maximum in
vertebrates (21, 36). Only a few, isolated internal exons

exceed this limit. Furthermore, initial concerted recognition
of 3' and 5' splice sites located 300 nucleotides or less apart
across an exon may explain how isolated cryptic sites are

ignored.
In this assembly scheme, mutations of 5' splice sites

would be expected to have drastic consequences. Further-
more, different consequences are predicted for such muta-
tions if there is concerted recognition of splice sites versus

independent recognition. Independent recognition predicts
that 5' splice site mutations would result in intron inclusion.
This phenotype is not observed. Instead, recognition of a

cryptic 5' splice site or exon skipping is observed (2, 33,
56-58, 60). Utilized cryptic sites reside close to and usually
upstream of the mutated site, never far downstream within
the following intron. The selection of neighboring upstream
cryptic sites supports a concerted splice site selection pro-

cess with an inherent spacing maximum between 3' and 5'
sites. The second phenotype observed for mutations of the 5'
splice site of internal exons is exon skipping. Even though
the intron preceding an exon with a mutated 5' splice site is

normal, it is not spliced. Thus, mutation of a 5' splice site
affects recognition of a normal upstream intron. This pheno-
type also agrees with the exon definition model postulated
here. In this interpretation, in the absence of an acceptable
5' splice site within 300 nucleotides of the upstream 3' splice
site, stable exon definition could not occur and exon skip-
ping would result.
Our results also agree with those reported by Munroe (35)

in which ribo-oligonucleotides prehybridized to the 3' end of
exon 2 (covering the 5' splice site) inhibited processing of the
upstream intron. Therefore, masking the 5' splice site as
double-stranded sequence had the same effect as eliminating
the 5' splice site.

Mutations in the 3' end of the intron also produce pheno-
types in agreement with exon definition. Striking among
these are naturally occurring mutants of human P-globin (10,
56). These genes carry point mutations within the second
intron that create a new 5' splice site. Instead of resulting in
the production of an abnormally large second exon, a
normally silent 3' splice site lying 120 nucleotides upstream
of the mutation is activated. As a result, a novel hemoglobin
RNA with four exons is produced. Mutation of the activated
3' splice site causes skipping of the fourth exon and reversal
to a normal splicing pattern. Thus, normally silent splice
sites within introns can be activated by the close positioning
of the opposite site.
One of the outstanding problems in understanding the

orchestration of splicing in multiexon RNAs is how the
machinery functions so as to never unintentionally skip an
exon. Intron-scanning mechanisms have been proposed,
tested, and ruled out (27, 28, 31, 51, 56, 57, 60). The
experiments designed to test intron scanning asked whether
splice site selection is coupled to intron scanning. Here we
suggest that splice site selection is coupled to exon search-
ing. Experiments duplicating 5' splice sites within internal
exons do show a preference for the upstream-most site (11).
The activation of cryptic 5' splice sites lying upstream of
mutated 5' splice sites, however, indicates that the searching
mechanism defining exons is not a strict 5'-to-3' scan but
instead is a searching mechanism that operates to find the
best fit to consensus sequences. Once splice sites (and hence
exons) are selected, scanning through introns to detect
neighboring defined exons could facilitate correct exon or-
dering (47). In addition, exon definition could operate during
transcription (2).
Many laboratories use in vitro splicing substrates that

contain a first exon, an intron, and a partial second exon
lacking a 5' splice site. These substrates assemble and splice.
In addition, substrates consisting of just the 3' end of the
intron and a short truncated second exon direct the assembly
of one specific complex. We observed the same properties
with substrates having partial second exons if the exons are
short. Only when the truncated second exon sequences were
greater than 80 nucleotides did we see destabilization of
assembly and inhibition of splicing activity. The source of
the additional inhibitory exon 2 sequences was irrelevant,
although we prescanned utilized sequences for the absence
of cryptic 5' splice site consensus sequences. Observation of
greater inhibition with substrates having extended second
exons suggests that initial binding at the 3' end of the intron
is followed by a search of downstream information during
exon recognition. If no 5' splice site is encountered within
300 nucleotides, no stable complex is formed. This is the
situation that would occur when an isolated splice site is
located within an intron. Thus, we suspect that the extended
exon substrates are good models for understanding the poor
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recognition of isolated cryptic splice sites by the splicing
machinery.

Substrates having short truncated second exons are not
normally encountered by splicing factors; therefore, the
ability of these substrates to work in vitro may be a property
of the in vitro system. In this interpretation, in the absence
of sequences to search, such as in substrates containing
short truncated second exons, the produced assembly is
marginally stable. Indeed, although complexes were ob-
served with precursor RNAs consisting ofjust the 3' end of
the intron and a short truncated second exon, they were
unstable to extended incubation in processing extract in
comparison with similar substrates containing a 5' splice site
(Fig. 2).
Complexes formed with substrates that consisted of the 3'

end of the intron and a complete second exon with a 5' splice
site were extremely stable to incubation in the extract. It
would be predicted that the definition ofexons in vivo should
be both fast and irreversible. Failure or loss of definition of
an exon would result in exon skipping. Indeed, the first
complexes observed during in vitro assembly occur within 1
min of incubation in vitro and on nascent transcripts in vivo
(3). Higher-order complexes involved with intron definition
as depicted in Fig. 6 appear with slower kinetics in vitro,
suggesting that intron definition is the rate-limiting step
during spliceosome assembly.

In this communication, we report that the absence of a 5'
splice site within long second exons was more inhibitory for
the assembly of substrates lacking exon 1, i.e., substrates
limited to exon definition, than it was to substrates with a
complete first exon that could undergo both exon and intron
definition (compare Fig. 2 and 4). Communication between
factors bound at the ends of introns has been observed in
vitro (30). It seems likely that this communication serves to
directly define introns at reasonable efficiency in vitro as
long as there are no sequences to search downstream of the
3' end of the intron. We suggest, therefore, that substrates
having short truncated second exons function via direct
intron definition and the bypassing of exon definition. We
anticipate that bypassing of exon definition might require
short introns. Most in vitro experiments use internally
deleted introns to maximize complex formation and activity.
Lengthening of introns generally reduces activity. We are
presently constructing precursors with increasingly larger
introns to test requirements of direct intron definition for
those substrates blocked for exon definition because of large
second exons.
The discussion presented above refers to internal exons

only. Obviously, if exon definition occurs, additional mech-
anisms must operate to recognize first and last exons. It has
been established that splicing of the first intron in a multi-
intron RNA is more cap dependent than is removal of the
second intron (38). Therefore, recognition of the first 5'
splice site terminating exon 1 might be mediated by cap-
recognizing factors. We have recently obtained evidence for
the existence of soluble nuclear factors that are required for
recognition of cap-proximal 5' splice sites but are not re-
quired for recognition of internal 5' splice sites (61; unpub-
lished observation). Therefore, special nuclear factors may
recognize the first exon in a precursor RNA.

Terminal 3' exons contain poly(A) sites and are frequently
extremely long. If exons are the initial assembly unit, there
must be special factors that aid in recognition of 3'-terminal
exons. We have observed that adding a sequence containing
a poly(A) site to a truncated second exon lacking a 5' splice
site permits assembly of stable complexes (M. Niwa and

S. M. Berget, unpublished observations). We are presently
examining the sequence elements within the poly(A) site that
rescue assembly of substrates with extended exons. It seems
plausible that the splicing and polyadenylation machinery
communicate across terminal exons to direct assembly.

It should be noted that we observed a dependence of
spliceosome assembly on second-exon sequences when we
used a family of substrate RNAs that all contained similar
intron and 3' splice site sequences. It is possible that RNAs
with different sequences at the 3' end of the intron will
respond differently to the presence of downstream informa-
tion. Such differences could be exploited to produce differ-
ential splicing. Any factor that disrupts interactions at the 3'
end of the intron, the process of exon searching, or interac-
tions at the downstream end of the exon could theoretically
cause exon skipping. Such an exon-oriented view of splice
site selection directs attention to the exon as the location of
cis-acting sequences operative during differential process-
ing.
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