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In mammalian intron splicing, the mechanism by which the 3' splice site AG is accurately and efficiently
identified has remained unresolved. We have previously proposed that the 3' splice site in mammalian introns
is located by a scanning mechanism for the first AG downstream of the branch point-polypyrimidine tract. We
now present experiments that lend further support to this model while identifying conditions under which
competition can occur between adjacent AGs. The data show that the 3' splice site is identified as the first AG
downstream from the branch point by a mechanism that has all the characteristics expected of a 5'-to-3'
scanning process that starts from the branch point rather than the pyrimidine tract. Failure to recognize the
proximal AG may arise, however, from extreme proximity to the branch point or sequestration within a

hairpin. Once an AG has been encountered, the spliceosome can still see a limited stretch of downstream RNA
within which an AG more competitive than the proximal one may be selected. Proximity to the branch point
is a major determinant of competition, although steric effects render an AG less competitive in close proximity
(-12 nucleotides). In addition, the nucleotide preceding the AG has a striking influence upon competition
between closely spaced AGs. The order of competitiveness, CAG = UAG > AAG > GAG, is similar to the
nucleotide preference at this position in wild-type 3' splice sites. Thus, 3' splice site selection displays properties
of both a scanning process and competition between AGs based on immediate sequence context. This refined
scanning model, incorporating elements of competition, is the simplest interpretation that is consistent with all
of the available data.

Pre-mRNA splicing is a mandatory consequence of the
split nature of eukaryotic genes. The production of func-
tional mRNA from primary transcripts requires the accurate
removal of the noncoding introns and ligation of adjacent
exons. Pre-mRNA splicing provides an important level at
which gene expression can be regulated; pairing of different
combinations of splice sites leads to the production of
tissue-specific mRNAs that code for distinct protein iso-
forms or that switch off gene expression via the premature
termination of open reading frames (52). The splicing path-
way proceeds via a well-characterized two-step reaction of
successive transesterifications (14, 30, 39). The integrity of
open reading frames demands that the sites of these reac-

tions be specified to a high degree. This specificity is
achieved by the presence of consensus sequences at the 5'
splice site ([A/C]AG GURAGU) and three elements associ-
ated with the 3' end of the intron, the branch point
(YNYURAY), the polypyrimidine tract downstream of the
branch point, and the 3' splice site (YAGIG) (invariant
nucleotides are shown in boldface; intron boundaries are

indicated by vertical bars). These cis RNA sequences pro-
vide recognition elements for some of the trans-splicing
factors that form the spliceosome complex within which
splicing occurs. trans-acting factors include various pro-
teins, as well as the Ul, U2, U4/U6, and U5 small nuclear
RNA (snRNA)-containing small nuclear ribonucleoproteins
(23, 52). The snRNA components are involved in some of the
crucial interactions with the consensus recognition elements
via RNA-RNA base pairing. Ul base pairs with the 5' splice
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site sequence (46, 48, 60, 63), while U2 base pairs with the
branch point sequence (31, 60, 61, 64). In yeast cells, U5
RNA has been shown to interact with exon sequences

adjacent to both splice sites (28) and Ul has recently been
shown to base pair with the 3' splice site AG (38). While the
5' splice site, the branch point, and polypyrimidine tract are
required early in the splicing pathway and are recognized by
established splicing factors, the mode of recognition of the 3'
splice site AG and the stage in the pathway at which
recognition occurs remain less well understood.

Early work on the pyrimidine tract and 3' splice site AG
established that although the AG was not absolutely required
for the first step in splicing (37, 40), AG mutants were
nevertheless often highly impaired in the efficiency of the
first step. This suggested that AG recognition could occur
before the first transesterification. Moreover, because of the
compact arrangement of most introns, in which the branch
point and pyrimidine tract both lie within a region of -18 to
40 nucleotides (nt) upstream of the 3' splice site AG (14), it
was commonly believed that the consensus 3' splice site,
Y10-12NYAG, reflected a functionally obligatory juxtaposi-
tion of the pyrimidine tract and the AG. That this was not the
case became apparent from the instances of some alterna-
tively spliced introns, in which the branch point and associ-
ated pyrimidine tract were far upstream (>100 nt) of the 3'
splice site AG (13, 16, 50). In such a configuration, with an

extensive pyrimidine tract adjacent to the branch point, in
vitro splicing reactions were able to proceed efficiently with
a distant downstream AG (17, 36, 50) or even to efficiently
undergo the first step in splicing in the complete absence of
an AG (53), as in yeast cells (43, 44). Thus, a functional
distinction may be drawn, according to the AG requirement
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prior to the first step, between AG-dependent and AG-
independent introns (36, 38).
Using the AG-independent intron between ax-tropomyosin

(a-TM) exons 2 and 3, which contains a strong mammalian
branch point sequence and an extensive associated pyrimi-
dine tract far upstream of the 3' splice site (50), we examined
the mechanism of 3' splice site recognition (53). Because of
its particular arrangement, this intron allows for the experi-
mental dissection of requirements for the second step in
splicing that is not possible with AG-dependent introns.
Using a number of mutations of this intron, we found that, as
in more conventionally arranged introns, 3' splice site cleav-
age and ligation occurred exclusively after the first AG
downstream of the branch point, independent of factors such
as distance (up to 196 nt tested), the purine-pyrimidine
content preceding the first AG, or the nature of the nucle-
otide immediately preceding the AG. Although some muta-
tions had a quantitative effect on the second step, most
notably slower kinetics for 3' splice site cleavage at a GAG,
the qualitative decision to use the first AG was absolute. The
effects of several of the more critical mutations were repro-
duced within a human globin intron. We interpreted these
data to suggest that the second step in splicing involved a
mechanism in which the spliceosome conducted a linear
downstream search (or scan) from the branch point-polypy-
rimidine tract, until the first AG was encountered, as had
previously been suggested (22, 25). Alternative explana-
tions, such as either use of the first AG arising from a higher
probability of collision with the spliceosome active site due
to restricted diffusion or preference for AGs preceded im-
mediately by an adjacent pyrimidine-rich stretch, seemed
less plausible. However, we could not completely rule out
these alternative explanations, since many of the alternative
AGs used in the mutant transcripts were considerably closer
to the branch point than was the wild-type site and/or were
preceded by a stronger pyrimidine stretch. Nonetheless,
independent support for the scanning model arose from the
observation that the insertion of a stable hairpin between the
pyrimidine tract and the 3' splice site AG completely
blocked the second step of splicing. The hairpin was over 70
nt from the branch point and 100 nt from the AG and so was
unlikely to have been directly interfering with interactions at
those sites. Such effects of hairpin structures have also been
observed to block translational initiation which is widely
believed to occur via cap-to-AUG scanning (20, 21, 34).
We have now extended our investigation of the mecha-

nism for 3' splice site selection and have tested transcripts
that more stringently rule out alternative explanations of our
earlier data. In addition, prompted by the examples of
various natural introns (2, 4, 5, 11, 55), we have explored the
basis of exceptions to the simple rule that the first AG
downstream of the branch point is selected exclusively as
the 3' splice site. We have found that although such excep-
tions do exist, they are predictable and can be accommo-
dated by simple refinements of the model. This is reminis-
cent of the scanning model for translational initiation, which
has also been able to accommodate exceptions with simple
rules to break the rule (21). In the light of the results reported
here, a refined scanning model can be summarized thus:
scanning initiates at the branch point and proceeds in a 3'
direction to the first AG unless it either is so close to the
branch point that recognition is very inefficient or is hidden
within stem-loop structure. In either of these cases the first
AG can be bypassed and the next downstream AG can be
located (as long as the stem-loop is not in a position where it
blocks the second step in splicing). Once an AG has been

recognized, however, the spliceosome can still "see" a
limited stretch of downstream RNA. Within this stretch of
RNA the most competitive AG is selected as the 3' splice
site. Determinants of competitiveness include proximity to
the branch point, the more proximal AG usually being more
competitive, unless it is very close to the branch, in which
case steric effects can render it less competitive. The nucle-
otide preceding the AG also has a marked effect upon
competition. The hierarchy of competitiveness, CAG =

UAG > AAG > GAG, closely follows the occupancy of this
position in consensus compilations of 3' splice sites (25, 29,
47). This reformulation of the scanning model, incorporating
elements of competition, is the simplest interpretation that is
consistent with all of the data.

MATERUILS AND METHODS

Constructs. Constructs used as templates for in vitro
transcription were all prepared by standard cloning proce-
dures. The parental construct, pGC+DX, contains ot-TM
exons 2 and 3 with a 28-nt spacer just downstream of the 5'
splice site to relieve steric interference (50, 53). Constructs
pR2, APy9, and 23HP have been described previously (53).
APy9R2 contained the 5' half of APy9 with the truncated
pyrimidine tract, fused to the 3' half of pR2 with the
purine-rich stretch before the 3' splice site. pRnAG had an
AAG preceded by a purine-rich tract inserted as oligonucle-
otides into the AccI site in the middle of the intron in
pGC+DX. 23HP was derived from pGC+DX by insertion of
the hairpin-forming sequence GGG(CGG)6GAATTC(CCG)6
CCC into the AccI site. 23HPA and 23HPB had the 5' or 3'
half of the hairpin of 23HP only. They were derived from
23HP by deleting the sequence from the EcoRI site in the
middle of the hairpin to theAccI site. 23L had the additional
loop-forming sequence GAATTCCCCAGCTGCCCAATTC
inserted into the EcoRI site of 23HP. 23L5' had the 3' half of
the stem loop of 23L deleted between the PvuII and AccI
sites. 23HPBA was derived from 23HPB by insertion of the
sequence GGG(CGG)6GAATT between a blunted XbaI site
and the EcoRI polylinker site downstream of exon 3.
23HPAA was cloned by inserting the same fragment into
23HPA. Constructs APy39HP to APylHP had the stem-loop-
forming sequence GGG(CGG)6GAATFC(CCG)6CCC imme-
diately downstream of the 3'-end-truncated pyrimidine tracts
of APy39 to APyl (53). A9S was derived from APy9 by
insertion of the AG-containing hairpin GGG(CGG)6GAATT
CAGCCCCCGGGGGCTGAATTC(CCG)6CCC into theAccI
site. In A9S5', the 3' half of the hairpin was removed, leav-
ing the insert GGG(CGG)6GAATTCAGCCCCC. Constructs
-12NAG, -6NAG, -3NAG, and +7NAG were cloned by
polymerase chain reaction-directed mutagenesis (53). Oligo-
nucleotides degenerate at the appropriate position with
respect to the 3' splice site were used to amplify short
segments of DNA which were then recloned into the paren-
tal construct. Individual clones were identified by dideoxy
sequencing, and the sequence of the entire amplified insert
was also verified. -20GAG, -30GAG, and -75GAG were
also prepared by polymerase chain reaction-directed muta-
genesis, but without degenerate oligonucleotides. - 108GAG
was prepared by inserting a SacI linker, CGAGCTCG, into
the AccI site of pGC+DX (53). pA30-110 was cloned by
cutting pGC+DX with XhoI and AccI and reinserting oligo-
nucleotides bearing the sequence TCGAGGGCGCGCGGT
GTGGCACTGCACGT. This resulted in the deletion of the
branch point and polypyrimidine tract, leaving a uniqueAccI
site into which oligonucleotides could be inserted. Oligonu-
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aaaaaaaaaauuaggagaagaagcucga

CGCCAAG guaccqggcgcgcgguguggcacugcacacgaauggcuaacuuucucuuucucucucccucccugucuuuc
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80 100 AtcI 120 140
ugccugcugcaccccacccccuucccccuuccuuccccccaccccguacuccacugccaacuccag |CUGGAAG

160 180 200

FIG. 1. Sequence of a-TM intron. The sequence of the intron between a-TM exons 2 and 3 is shown, along with the 28-nt spacer inserted
into the SmaI site just downstream of the 5' splice site in construct pGC+DX. Features to note are the branch point sequence GGCUAAC
at nt 36 to 42 and the polypyrimidine tract at nt 43 to 90.

cleotide inserts contained the 5'-end sequence CTGC in
addition to the branch point and downstream sequences
GGCUAAC ... shown in Fig. 7A.

In vitro transcription and splicing reactions. 32P-labelled
RNA transcripts were transcribed from pGEM vectors with
Pharmacia SP6 polymerase by using a G(5')ppp(5')G dinu-
cleotide primer as described previously (1, 50). HeLa cell
nuclear extracts were prepared by using the modifications of
Abmayr et al. (1). Standard splicing reaction mixtures con-
tained 20 to 50 fmol of [32P]RNA transcript, 3.2 mM MgCl2,
500 mM ATP, 20mM creatine phosphate, 1,000 U of RNasin
per ml, 12.8 mM N-2-hydroxyethylpiperazine-N'-2-ethane-
sulfonic acid (HEPES) (pH 8), 14% (vol/vol) glycerol, 62mM
KCl, 0.12 mM EDTA, 1.7 mM dithiothreitol, and 60%
nuclear extract and were incubated for 3 h at 30°C. Depar-
tures from these standard conditions are noted in the figure
legends. Splicing reaction mixtures were then subjected to
proteinase K digestion and phenol-chloroform extraction.
Further characterization of reaction intermediates and prod-
ucts was carried out by debranching in the HeLa cell S-100
cytoplasmic fraction at 30°C for 30 min. Reaction products
were analyzed by electrophoresis in 8 M urea-polyacryl-
amide gels followed by autoradiography. For each series of
transcripts, the sizes of all RNA species were determined
both prior to and after debranching. The sizes of all bands
corresponded to those expected from use of the predicted
splice sites, with the exception of some of the RNA species
that had extensive intramolecular secondary structure. Even
in these latter cases, the linear bands without secondary
structure had the expected mobilities, while lariats could be
identified by a change in electrophoretic mobility after
debranching, even though the debranched bands still had
anomalous mobility. Except for minor species, noted below,
there was no evidence for use of cryptic splice sites.

RESULTS
In the present study, we have used exons 2 and 3 of the rat

a-TM gene with a spacer element in the intron to relieve
steric interference between the 5' splice site and branch
point (Fig. 1). The branch point in the a-TM intron is 172 nt
upstream of the 3' splice site AG, which is not required
before step 2 in splicing (53). In most of these experiments a
single AG was used exclusively as the 3' splice site. We have
therefore tended to concentrate upon the identity of the AG
selected rather than upon the rate at which the second step
occurs. The reason for this emphasis is that although both
qualitative and quantitative effects may be instructive about
the biochemistry of splicing, the qualitative effects (i.e., the
identity of the splice site[s] selected) have a greater impact
upon gene expression, given that splicing is not usually rate
limiting for mRNA accumulation (reference 35 and our
unpublished observations).

Exclusive use of the first AG does not require adjacent
pyrimidines. We previously demonstrated exclusive use of
the first AG downstream of the branch point-pyrimidine tract
in the second step of splicing (53). However, in that report all
of the AGs upstream of the wild-type 3' splice site were
preceded by regions that were more pyrimidine rich than the
area adjacent to the wild-type site. To test whether these
AGs were selected because of the adjacent pyrimidine-rich
sequences or their greater proximity to the branch point-
polypyrimidine tract, we made a number of transcripts in
which the first AG was preceded by purine-rich stretches
(Fig. 2). We previously observed that changing the content
of the 24 nt preceding the 3' splice site of the a-TM intron 2
from predominantly pyrimidine (70%) to predominantly pu-
rine (70%) had no significant effect upon the second step in
splicing (53) (Fig. 2, transcripts GC+DX and R2). It is
possible that the presence of the very strong upstream
pyrimidine tract overrides the effects of purine substitutions
adjacent to the AG (36). We therefore made the equivalent
purine substitution in a construct in which the functional
pyrimidine tract adjacent to the branch point has been
decreased from 50 to 9 consecutive pyrimidines (53). Once
again, we observed no significant difference in the second
step in splicing upon purine substitution adjacent to the 3'
splice site, even though the pyrimidine tract adjacent to the
branch point has been truncated to the point of marginal
efficiency (Fig. 2, transcripts APy9 and APy9R2). Thus, use
of a CAG widely separated from the branch point does not
require the AG to be preceded by a pyrimidine-rich stretch,
even when the upstream branch point-associated pyrimidine
stretch is relatively weak.
We then tested whether AGs inserted upstream of the

wild-type site need to be preceded by a pyrimidine-rich
stretch in order to be used exclusively. In transcript RnAG,
an AG, preceded by a purine-rich stretch, was inserted -100
nt upstream of the wild-type site. The purine-rich region and
the immediate sequence context of this AG (AAGU) both
diverge radically from the consensus for a 3' splice site.
Nevertheless, in this transcript we saw exclusive use of the
proximal AG and no use of the downstream wild-type site,
which has a more favorable match to consensus sequences.
That the first AG downstream of the branch point can be
used as the 3' splice site even when preceded by a purine-
rich region demonstrates the importance of relative proxim-
ity to the branch point-pyrimidine tract as a major determi-
nant in 3' splice site selection. The relatively slow kinetics of
the second step for this mutant, despite the greater proximity
of the branch point to the inserted AG than to the wild-type
3' splice site, is most likely due to the A immediately
preceding the proximal AG (see below) and the general
purine richness of the preceding region.
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FIG. 2. Exclusive use of the first AG does not require adjacent pyrimidines. Transcript APy9 was derived by deletion of nt 56 to 110 from

pGC+DX (Fig. 1), resulting in truncation of the polypyrimidine tract to 9 nt (53). As indicated by the arrows, transcripts R2 and APy9R2 were
derived from GC+DX and APy9, respectively, by substitution of the 25 nt immediately preceding the 3' splice site AG to the purine-rich
sequence shown. This results in a change in the pyrimidine content in this region from 70 to 30%. Both R2 and APy9R2 undergo the two steps
of splicing with efficiency and specificity comparable to those of the parental transcripts. In transcript RnAG, an AG preceded by a purine-rich
tract is inserted in the AccI site at nt 110 within the intron (Fig. 1). Use of the downstream wild-type AG is occluded, and the proximal AG
is used exclusively, yielding a spliced product of 404 nt, as indicated by the triangle. Splicing reaction mixtures were incubated for 3 h and
run on a 5% polyacrylamide gel.

Evidence for a scanning process in 3' splice site selection.
The preceding data demonstrate that an adjacent pyrimidine-
rich region is not essential for exclusive use of the first AG.
Nevertheless, the exclusive selection of a proximal AG need
not arise as the result of a linear scan but rather arises from
a constrained diffusion-controlled collision, in which the
RNA between the branch point and AG is looped out. A
more proximal AG would be favored because of the greater
probability of collision with its recognition site within the
spliceosome. To distinguish between these possibilities,
constructs with very closely spaced CAGs, over 170 nt from
the branch point but separated by only 6 or 7 nt, were
monitored for their selection as a 3' splice site (Fig. 3A,
-6CAG and +7CAG). The constrained-diffusion model pre-
dicts nearly equal use of the competing AGs, whereas a
simple scanning model predicts predominant use of the first

AG. Both transcripts showed exclusive use of the first AG
(Fig. 3A, +7CAG and -6CAG), providing strong support for
a scanning model over a constrained-diffusion model.
We next produced a number of constructs in which

secondary structure was introduced between the branch
point-pyrimidine tract and the 3' splice site AG. We previ-
ously showed that a stable hairpin between the branch point
and 3' splice site completely inhibited the second step in
splicing both in vitro and in vivo (Fig. 3B, 23HP) (49, 53).
Control transcripts containing only the 5' or 3' side of the
stem-forming sequences, in contrast, spliced perfectly well
using the downstream AG (Fig. 3B, 23HPA and 23HPB,
respectively). This result is again consistent with a scanning
model but not a constrained-diffusion model. Next, we
produced a transcript in which a proximal CAG was placed
within a loop at the end of the hairpin of 23HP (Fig. 3B,
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FIG. 3. Evidence for a scanning process in the second step in splicing. (A) Transcripts -6CAG and +7CAG were derived from pGC+DX
by mutagenesis and contain CAGs 6 nt upstream and 7 nt downstream of the wild-type CAG, respectively. In each case only the first AG is
used, leading to spliced products of 307 nt (-6CAG) and 301 nt (GC+DX and +7CAG). Use of the second AG in +7CAG would have yielded
a product of 294 nt. Splicing reaction mixtures were incubated for 4 h and run on a 5% polyacrylamide gel. (B) The transcripts shown
schematically in panel C were spliced for 4 h and run on a 5% polyacrylamide gel. 23HP contained a stable hairpin inserted at the AccI site
downstream of the pyrimidine tract (Fig. 1), which blocked the second step of splicing. 23HPA and 23HPB had only the 5' or 3' half of the
stem-forming sequences and were able to splice to the wild-type AG. The band of -350 nt in the 23HPA lane was present in the unprocessed
transcript and is not related to splicing. Transcript 23L had the loop of 23HP extended with a CAG in the middle of a 12-nt loop. The CAG
was not used as a 3' splice site; the second step of splicing was blocked. When the 3' half of the stem loop of 23L was deleted in 23L5', the
wild-type site was still not used, but a new spliced product of 404 nt (marked with a triangle) was observed, indicative of use of the proximal
CAG. Transcript 23HPBA had stem-forming elements in the middle of the intron and on the 3' side of exon 3. The 3' half of the intron and
exon 3 would therefore be sequestered in a large (>200-nt) loop as diagrammed in panel C. This transcript showed no second step in splicing,
consistent with blockage of scanning by the stem structure. Control experiments established that intermolecular base pairing between
stem-forming sequence elements, which could account for the apparent lack of spliced product with 23HPBA, does not occur under the gel
electrophoresis conditions used. A control transcript, 23HPAA, had direct repeats in the same locations and efficiently underwent the second
step of splicing at the wild-type CAG, yielding a spliced product of 325 nt. (C) Schematic representation of transcripts in panel B. The
sequence elements forming the 5' and 3' halves of the hairpin of 23HP have been labelled A and B, respectively.

23L). If proximal AGs are favored because of constrained
diffusion, we would expect use of the proximal loop AG as
the 3' splice site, whereas a scanning model predicts that
neither AG would be used. Transcript 23L showed a block in
the second step in splicing, with spliced product produced
from neither AG. In contrast, a control transcript, 23L5', in
which the 3' half of the stem-forming structure was deleted,
showed exclusive use of the proximal AG. In transcript 23L
the proximal AG was in a loop of only 12 nt. It is possible
that the small size of the loop prevented use of the proximal
AG. However, we obtained a similar result using a transcript
in which the wild-type 3' splice site CAG was sequestered in
a loop of >200 nt. In this transcript (Fig. 3B, 23HPBA), one
of the inverted repeats that form the stem was in the same
position between the pyrimidine tract and 3' splice site,
while the other was at the 3' end of a-TM exon 3. This
transcript also showed no production of spliced products,
again consistent with scanning but not with alternative

models for 3' splice site selection. A control transcript with
direct repeats, unable to form the stem-loop, spliced effi-
ciently using the wild-type site (Fig. 3B, 23HPAA).
The preceding data showed that the second step in pre-

mRNA splicing has characteristics that are more consistent
with a scanning mechanism than with alternative explana-
tions. However, a number of cases in which the first AG
downstream of the branch point-pyrimidine is bypassed,
either partially or completely, for use of a more distal AG
have been documented (2, 5, 8, 36, 58). We therefore
proceeded to investigate whether such exceptions are incon-
sistent with or can be accommodated with a scanning-like
process.

Position-dependent effects of a stable hairpin structure on
the second step in splicing. We have shown that stable
hairpin-forming sequences between the polypyrimidine tract
and 3' splice site AG can lead to a block in the second step
in splicing (Fig. 3) (53). However, in some introns, natural
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hairpins occur between the branch point and AG and yet
splicing is able to operate normally (2). The apparent dis-
crepancy between such instances and our previous observa-
tion of a block in the second step could be resolved if there
is a position-dependent effect of secondary structure. We
therefore made a series of constructs in which a stable
hairpin structure was placed at the 3' end of a series of
truncated pyrimidine tracts (Fig. 4), resulting in a progres-
sively decreasing separation of the hairpin from the branch
point. A decrease in overall splicing efficiency was observed
upon shortening of the pyrimidine tract from 17 to 9 pyri-
midines, as was seen when the same deletions were made in
the absence of the hairpin structure (53). However, a clear
and distinct effect on the second step was observed when the
pyrimidine tract length was reduced below 39 nt, to 23, 17, or
9 nt; in these deletions the second step in splicing was now
able to proceed and used the normal wild-type 3' splice site
AG, albeit with reduced efficiency compared with that of the
native intron. Thus, the effect of hairpin structure is position
dependent, as has been observed in the case of yeast introns
(15). Why the hairpin should cease to block the second step
of splicing when it is closer to the branch point is not
immediately clear. It may be relevant that this distance
correlates with the minimal length of RNA 3' of the branch
point required for spliceosome assembly on the transcript
(44, 53). It is unlikely that factor binding in this region melts
the secondary structure, since AGs sequestered within the
structure are bypassed (see below). Possibly the presence of
splicing factors bound across the base of the stem facilitates
the scanning process.

Bypassing of proximal AGs sequestered in hairpin struc-
tures. The distance within which we have determined that
hairpin structures do not block the second step in splicing
correlates with the known examples of yeast and viral
introns that have such structures between the branch point
and 3' splice site (2, 5). To confirm that AGs sequestered in
hairpins in such a location can indeed be bypassed in favor of
downstream AGs, we constructed mutant pA9S (Fig. 5), in
which the stem downstream of the 9-nt pyrimidine tract
contained a CAG sequence motif. In vitro splicing of this
transcript showed complete bypassing of the proximal AG
and use of the wild-type distal 3' splice site AG. In a control
construct, pA9S5', the 3' half of the hairpin was deleted,
leaving the proximal AG intact. In this transcript, use of the
distal AG was undetectable and the proximal AG was now
used exclusively, albeit with slow kinetics. Thus, when a
hairpin is in a position downstream of the branch point in
which it does not block the second step, AGs sequestered
within the structure are bypassed and the next downstream
AG is selected. Similar results were obtained when the CAG
was within the loop of the hairpin structure (data not shown).
These data therefore confirm that proximal AGs can be
bypassed and more-distal AGs can be selected when the
proximal AG is sequestered within a secondary structure, as
has been seen in both viral (2) and yeast (5) introns. It should
be emphasized, however, that although secondary structures
close to the branch point can be bypassed, along with any
sequestered AGs, the striking behavior of hairpins distant
from the branch point and AG is still strongly supportive of
a 5'-to-3' scanning process.

Competition between closely spaced AGs based on the
preceding nucleotide and relative position. In a number of
experimental test constructs and native introns it has been
observed that more than one of a series of closely spaced
AGs may be used as a 3' splice site (8, 36, 58). Indeed, in
some cases such use of alternative in-frame AGs can give

GC + DX

23HP
NZw$y~ J Deletions in APy39-1 HP

Oh 3h
I I I I
X mmL---EX -a a.
o

a- CD<n ( a co

o cm <aa <scm <<< <<

NWW

FIG. 4. Position-dependent effects of hairpin structure upon the
second step in splicing. Stable hairpin-forming sequences were
inserted at the 3' ends of various truncated pyrimidine tracts. 23HP
was derived by the insertion of hairpin-forming sequences into the
Accl site of GC+DX (see Fig. 1 and Materials and Methods). The
series of transcripts APy39HP to APylHP had the same hairpin
sequences inserted at the ends of pyrimidine tracts progressively
truncated to between 39 and 1 nt. Transcript RNA was incubated
under standard splicing conditions for 0 or 3 h and run on a 5%
polyacrylamide gel. Scanning is blocked when the hairpin is at the 3'
end of the full-length or 39-nt pyrimidine tract, but spliced product
at 301 nt can be seen when the pyrimidine tract has been shortened
to 23, 17, or 9 nt. APylHP shows no activity for either step in
splicing because of the complete deletion of the pyrimidine tract.

rise to the insertion of additional codons into the reading
frame of the mRNA (e.g., see references 4, 11, and 55). In
the experimental transcripts (8, 36, 58) the upstream AG was
preceded by an A or G, and it has been suggested that the
presence of the nonconsensus purine at this position allowed
use of both AGs rather than exclusively the proximal AG
(36). In order to systematically investigate the roles of
distance of separation and of the preceding nucleotide in the
ability of closely spaced AGs to compete, we made the series
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FIG. 5. Bypassing of an AG sequestered in a hairpin structure. Transcripts are shown schematically at the top of the figure and are
described in more detail in Materials and Methods. Briefly, A9S was derived from /Py9HP by the insertion of additional hairpin-forming
sequences containing a CAG on the 5' side of the stem. A9S5' had the 3' half of the hairpin deleted. Splicing was carried out for 3 h under
standard conditions except that MgCl2 was at 2 mM. Debranched reactions are shown in lanes D. Transcript A9S5' used the proximal AG to
give a spliced product of 407 nt, marked by the triangle. The proximal AG in A9S would have given a spliced product of 437 nt. However,
this AG was bypassed and the distal AG was used, yielding the 301-nt spliced RNA. In lanes D, the lariats produced by APy9 and A9S5' run
with increased mobility compared with that of the undebranched samples (lanes 3) (branched lariat intermediates are marked by squares), as
expected. However, the extensive hairpin in APy9HP and A9S transcripts and corresponding lariats results in anomalously low mobility, even
after debranching.

of constructs -12NAG, -6NAG, -3NAG, and +7NAG
(Fig. 6A). In these transcripts, competing AGs preceded by
each of the four nucleotides C, U, A, and G were placed 12,
6, or 3 nt upstream of the wild-type 3' splice site AG or 7 nt
into the exon, respectively. The results of in vitro splicing
reactions are shown in Fig. 6A. Once again, the use of the
various AGs can easily be monitored by the variation in size
of the spliced product. A number of conclusions can be made
from these data. First, there is a clear effect of distance
between competing AGs; in general, the greater the separa-
tion is, the greater is the likelihood that the upstream AG will

be used, consistent with scanning. At the -3 position, CAG
and UAG are used in about a third of transcripts with a slight
preference for the downstream CAG, while in the -6 or -12
position they are used almost exclusively. On the other
hand, while AAG is bypassed at the -3 position, it competes
well at -6 and -12. Second, the identity of the preceding
nucleotide has a clear influence on both the competitiveness
of AGs and the kinetics of the second step. Thus, at the -3
position, CAG and UAG compete well, while neither AAG
nor GAG is used at all. At -6, where CAG and UAG are
used exclusively, AAG does compete although some tran-
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FIG. 6. Competition between closely spaced AGs based on spacing and the preceding nucleotide. (A) Transcripts -12NAG, -6NAG,
-3NAG, and +7NAG contained the indicated point mutations to give a series of transcripts with different closely spaced AGs that could
compete in the second step of splicing. Use of the different AGs gave rise to spliced products of the following sizes: wild-type AG, 301 nt;
-12NAG, 313 nt; -6NAG, 307 nt; -3NAG, 304 nt; and +7NAG, 294 nt. As a positive control for use of the +7 AG, lane G contained a point
mutation converting the wild-type splice site AG to GG, resulting in efficient use of +7AAG as the 3' splice site. The lariat products also varied
in size in accordance with the AG used and are indicated by the bracket at the side of the gel. However, the size variation is not as clear as
with the spliced products, because of heterogeneity of the lariat products, presumably arising from exonuclease nibbling of the lariat tails. In
the - 12GAG lane, a small amount of a lariat intermediate can be seen above the transcript. This results from the activation in the - 12NAG
series of a cryptic branch point by bringing the AG close to the 3' end of the highly pyrimidine-rich stretch at nt 172 to 191 of the intron (Fig.
1). This is seen only in the -12GAG lane because of low rate of the second step, which leads to accumulation of intermediates. It should be
noted that the low-level activation of this cryptic branch point has no impact upon conclusions about second-step scanning. (B) The indicated
transcripts had GAGs at the designated positions upstream from the wild-type CAG. Use of the wild-type CAG is reduced in all mutant
transcripts but becomes undetectable only in the -108GAG lane.

scripts still use the wild-type 3' splice site. Finally, in the +7
series none of the different NAGs is able to compete with the
wild-type CAG located 7 nt upstream, even though the AAG
at this position is used efficiently when the wild-type 3' splice
site CAG is mutated to CGG (Fig. 6A, lane G). Assessing the
degree to which AAG and GAG compete is rendered prob-
lematic by the clear effect that these nucleotides also have on
the kinetics of the second step in splicing. At this position G,
and to a lesser extent A, has previously been shown to slow
down the second step in splicing (53). In the present exper-

iments, this kinetic effect has the consequence that in some

transcripts the competitiveness of a GAG or AAG will be
underestimated by examination of spliced product at a single
time point. Thus, in the -6GAG and -12GAG lanes the
lariat intermediate can be seen to be accumulating, consis-
tent with selection of the GAG, even though cleavage and
ligation at this site are too slow to be detectable, at least after
3 h. These caveats notwithstanding, it is possible to formu-
late a hierarchy of competitiveness of the different NAGs:
CAG = UAG > AAG > GAG. This hierarchy parallels the
consensus preference in natural introns, with the exception
that wild-type 3' splice sites also show a clear preference for
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1. GC+DX AGM

A30-1 1 0 M7 A

2. B19AG GGCUAACUUCUCUUUCUCUCUAGU

3. B12AG GGCUAACUUUCUCUUAGUCUCUCGU

GGCUAACAGUUUCUCUUWCUCUCGU

GGCUAACAAAAAAAUAGUUUJCUCUUCUCUCGU

6. BR12AY GGCUAACAAAAAAAUAGU

7. Bi 9AG2 GGCUAACULJCUCUWUCUCUCUAGUCUAGUCCCGU

8. Bi 2AG2 GGCUAACUUUCUCUUAGUCUCUCGUCUAGUCCCGU

9. B4AG2

Cu
I

01 2 34 5 6 7 8 9

bUUfUfiOAUUUUGUUUUUGUGULUU UUL-ikub~~LUu

FIG.
(A) Sch
pGC+I
branch
nucleot

B sequenr(underli
sequen
the spli
branch

2 ~~~~~~~second

v 2 Proximal AG second
1211 1compet,

403-438 + +

inefficie
splicing
bered a

spliced
13 cleotide

C over U (72% versus 23% [47]) at the -3 position. Neither
the relative competitiveness nor the kinetics of 3' splice site
cleavage, as revealed in the current assay, can explain this
preference. These data are consistent with a model in which
active scanning stops at the first AG, but when this AG is
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7. Effects of branch point-to-AG spacing upon scanning.
hematic representation of transcripts. The parental construct
DX was modified by deleting nt 30 to 110 containing the
vpoint and polypyrimidine tract sequences (A30-110). Oligo-
tides bearing a branch point (underlined) within a strong
Ice context, a polypyrimidine tract and one or more AGs
lined), were reinserted as indicated. To the right of the
Ices of the branch point to AG region are shown the sizes of
Liced products if the first or second AG downstream of the
:point is used. Note that for some of the transcripts the
IAG is the wild-type CAG, while for others, both the first and
IAGs were introduced with the insert. Relative use of the
ting AGs (assessed from Fig. 6B) is shown as follows:
-, complete use of the AG; -, no use of AG; +/-, extremely
ent use of AG; ++, equal use of first two AGs. (B) In vitro
g reaction of transcripts shown in panel A. Lanes are num-

as in panel A. Splicing was for 3 h. Bands corresponding to
Iproducts using the proximal AGs introduced in the oligonu-
es are marked by the triangles.

ient and slow in the second step, as is the case for
the spliceosome can still select a more competitive
ithin a fixed distance downstream.
preceding data demonstrate that 3' splice site speci-
,ndisplays elements of both a scanning-type mecha-
and short-range competitive behavior between AGs
upon the preceding nucleotide. Since GAGs in this
were clearly the least competitive 3' splice sites, we
ivestigated whether increasing the distance between a

and a downstream CAG could eventually eliminate use

CAG. To this end we tested a series of transcripts with
ting GAGs 12, 30, 50, 75, and 108 nt upstream of the
ype CAG (Fig. 6B). Because of the slow kinetics of the
d step at GAGs, their ability to compete in these
ripts can be monitored only by the reduction in use of
Id-type site. The results clearly show that GAGs at all
ns between 12 and 75 nt upstream reduce, but do not
etely eliminate, use of the wild-type site. Only the
108 nt upstream appears to cause complete repression
wild-type CAG. The simplest explanation for this

ration is that unlike the other NAGs, which can be
xclusively once they are separated by more than a few
tides from the next AG, GAGs are inefficiently recog-
and a proportion of spliceosomes can continue scan-
o the next downstream AG. The very weak competi-
ss and/or leakiness of GAGs explains their almost

4. B4AG

5. BR12AG
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complete exclusion from wild-type 3' splice sites, since
competition from exon AGs would lead to inappropriate
splicing.

Bypassing of AGs very close to the branch point. Compila-
tions of mapped branch point sequences indicate that very

few branch points are closer than -18 nt to the 3' splice site
(14). This raises the question of whether there is some
minimal acceptable separation of branch and 3' splice site
sequences, below which steric hindrance intervenes, per-
haps in a manner analogous to that of the minimal functional
5' splice site-branch point separation (7, 41, 50). This could
give rise to the bypassing of proximal AGs. To address this
question, we made mutant pA30-110 (Fig. 7A), in which the
entire branch point-polypyrimidine tract region had been
deleted. Synthetic oligonucleotides bearing a strong branch
point sequence, a pyrimidine tract, and AG elements in
various configurations could then be reinserted into this
intron. In this arrangement, the branch point was 69 nt from
the 5' splice site, with no upstream adenosines in a position
or sequence context to be used as cryptic branch points.

In mutants B19AG, B12AG, and B4AG a proximal AG
was placed 19, 12, or 4 nt downstream of the branch point,
with the pyrimidine tract between the two elements, on
either side of the AG, or downstream of the AG, respectively
(Fig. 7). B19AG was spliced efficiently using exclusively the
proximal AG. In mutant B12AG, the proximal AG was still
used exclusively, although the efficiency of the reaction was
reduced, perhaps because of the discontinuity in the poly-
pyrimidine tract or the proximity of the AG to the branch
point. Thus, B19AG and B12AG behave in a manner con-

sistent with simple downstream scanning from the branch
point. In contrast, B4AG was spliced efficiently, using
almost exclusively the distal wild-type 3' splice site. These
data therefore indicate that AGs as close as 12 nt from the
branch can be located by scanning and used exclusively,
while a 3' splice site only 4 nt downstream of the branch is
too close to be efficiently recognized, so that scanning then
proceeds downstream to the next AG. It is noteworthy,
however, that even in B4AG the proximal site was still used
to a minor extent, indicating that there is no absolute
minimal distance requirement between branch point and 3'
splice site, although recognition may become very ineffi-
cient. The use of such closely spaced splicing elements in
vertebrate systems is not unprecedented; a 4-nt separation of
the branch point and AG also occurs in the polyomavirus
middle t intron (10). This suggests that the flexibility of
arrangement of 3' splice site elements encompasses func-
tional pyrimidine tracts downstream of the actual splice site
(see also below).
The preceding results showed that an AG only 12 nt from

the branch point can be selected and used exclusively when
the next downstream AG is -100 nt distant. In view of the
observation that closely spaced AGs are able to compete as

3' splice sites (see above; Fig. 6) we tested the ability of AGs
19, 12, and 4 nt downstream of the branch point to be used
in the presence of a competing AG 24 nt downstream of the
branch point (Fig. 7, transcripts B19AG2, B12AG2, and
B4AG2). In B19AG2, the proximal AG was still used exclu-
sively, with no use of the AG only 5 nt further downstream,
again consistent with simple scanning. In contrast, in
B12AG2 the AGs 12 and 24 nt from the branch were used to
similar extents. In B4AG2, the AG 24 nt downstream of the
branch point was used almost exclusively and use of the
more distal wild-type 3' splice site, used by B4AG, was

consequently occluded. Comparison of the results with the
B12AG and B12AG2 transcripts indicates that although an

AG as close as 12 nt can be recognized efficiently and used
exclusively as the 3' splice site when the next AG is distant
(112 nt further downstream in B12AG), a downstream AG
can compete efficiently if it is sufficiently close (12 nt further
in B12AG2). This is again consistent with the notion that
active scanning halts at the first AG but that the spliceosome
can still see a limited stretch of downstream RNA, within
which a more competitive AG can be used. In the case of
B12AG2, the AG 12 nt from the branch point is presumably
rendered less competitive because of steric effects arising
from its proximity to the branch point, and so the AG 24 nt
from the branch can compete. As shown above (Fig. 6),
other determinants of competitiveness include the identity of
the nucleotide preceding the AG and the distance separating
competing AGs.

Scanning originates from the branch point rather than the
pyrimidine tract. From our previous data we concluded that
scanning originates from the branch point-polypyrimidine
tract, these two elements being obligatorily linked for the
first step in splicing (53). We next decided to test whether
scanning originates from the branch point or the pyrimidine
tract, by making construct BR12AG (Fig. 7). In this tran-
script, a proximal AG is separated from the branch point by
an A-rich tract of 12 nt. The polypyrimidine tract then starts
immediately downstream of the proximal AG. If scanning
originates from the branch point, we would expect the
proximal AG in BR12AG to be used. On the other hand, if
scanning originates from the pyrimidine tract, the distal,
wild-type AG should be used. Splicing of BR12AG showed
that the proximal AG was used exclusively, demonstrating
that the scanning process initiates from the branch point
rather than from the polypyrimidine tract. It is worth noting
that if a cryptic branch point is used in this transcript, either
upstream of the predicted branch point or within the A tract
preceding the AG, this conclusion is unaffected. We were
unable to confirm that the inserted branch point sequence
was actually used in this transcript because of the low
accumulation of the lariat intermediate, the very short tail
available for hybridization on the lariat product, and the fact
that reverse transcriptase showed a strong stop at the A tract
preceding the presumed branch point even in unprocessed
transcripts. Transcript BR12AG also underlines both the
lack of a requirement for pyrimidines upstream of the AG
and the potential for the 3' splice site AG to lie upstream of
the polypyrimidine tract. The functional role of this polypy-
rimidine tract downstream of the AG was demonstrated by
the abolition of any splicing activity in BR12AY, in which
this pyrimidine tract was missing (Fig. 7). Although such an
arrangement may be unusual, it does appear to be exploited
in at least some viral introns (10).

DISCUSSION

In this report, we have addressed the issue of how the site
of cleavage and ligation at the 3' ends of introns is specified.
The invariant AG dinucleotide obviously does not have
enough information to unambiguously identify the 3' splice
site in introns that can be many kilobases in length and
contain numerous AG motifs. The associated polypyrimi-
dine tract and branch point sequence elements play a funda-
mental role in specification of the 3' splice site. We have
previously proposed that the 3' splice site is located by a
simple scanning process from the branch point-polypyrimi-
dine tract, in which the first downstream AG motif is
selected. The current experiments lend further support to a
scanning model for 3' splice site recognition. At the same
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time, we have found evidence for competition between AGs
in the second step in splicing.

Evidence for a scanning process in 3' splice site specifica-
tion. A number of lines of evidence suggest a form of
scanning behavior in the second step in splicing, as opposed
to some other basis for preference of proximal AGs. First,
we found that CAGs separated by only 6 or 7 nt but located
more than 170 nt from the branch point produced exclusive
use of only the first AG (Fig. 3A). Second, a stable hairpin
structure between the branch point-pyrimidine tract and AG
but distant from both elements and therefore unlikely to
interfere directly with interactions at those sites blocked the
second step in splicing (Fig. 3A) (53). Third, a CAG within
the single-stranded loop of a stem-loop structure was not
used in the second step in splicing. These results are all
consistent with a scanning process but not with a preference
for proximal AGs based upon the greater probability of
diffusion-controlled collision. The latter process would pre-
dict nearly equal use of closely spaced AGs, no effect of
hairpins upon use of downstream AGs, and use of proximal
AGs in loop regions. In addition, a restricted-diffusion model
would not be able to impose the required polarity; if the first
downstream AG were distant, simple looping out of inter-
vening RNA might lead to selection of a closer AG upstream
of the branch point. Finally, we showed that the exclusive
use of proximal AGs does not require that they be preceded
by pyrimidine-rich regions (Fig. 2), although we cannot rule
out that adjacent pyrimidine-rich regions may have an effect
upon competition between AGs similar to that of the imme-
diate preceding nucleotide, as has been demonstrated in
yeast cells (32) (see below).
The transcripts that have provided the strongest evidence

for scanning-like behavior all have the branch point and
pyrimidine tract distant from the 3' splice site. In such
introns the AG has no observable effect on the splicing
reaction prior to the second step, while AGs within the more
usual 18- to 40-nt distance from the branch point can
improve the efficiency of the first step (36). It is pertinent to
question whether the findings from such unconventionally
arranged introns can be generalized. A number of points can
be raised to justify this approach. First, although more-
conventional AG-dependent introns show a clear preference
for use of the AG proximal to the branch point, it is only by
using unconventionally arranged AG-independent introns
that this preference can be seen to be due to a scanning-like
process rather than some other basis for preferential use of
proximal AGs. Second, the arrangement of more conven-
tionally spaced branch point-3' splice site units and their
behavior when mutations introduce new AGs between the
branch point and wild-type 3' splice site (24, 27, 54) are all
consistent with the scanning model that we have derived
from the a-TM intron. Third, the a-TM branch point-3'
splice site region used in all the transcripts in this study is
spliced efficiently in almost all cell types, with the single
exception of smooth muscle cells, where its use is specifi-
cally repressed (26, 51). Correct 3' splice site selection
within this unusually arranged branch point-3' splice site
region therefore does not require any cell-specific factors but
is achieved by the constitutive splicing machinery. It is
unlikely that only a minor subset of the splicing machinery in
HeLa extracts is competent to engage in a long-range
scanning process, since the transcript is spliced efficiently in
vitro. If scanning is a general feature of the second step of
splicing, it is pertinent to question why the vast majority of
3' splice sites are arranged such that the scanning behavior is
not readily apparent, with the branch point and AG sepa-

rated by only 18 to 40 nt. We suggest that selective pressure
will tend to produce compact splice site arrangements,
which are consequently less susceptible to disruption of the
spliced message by mutational insertion of AGs between the
branch point and true 3' splice site AG. Only in a few specific
cases will an overriding functional constraint tend to main-
tain a large branch point-to-AG separation. For instance,
regulatoxy constraints underlie the structure of the a-TM
intron. The very long pyrimidine tract specifies default
selection of exon 3 (26), while other regulatory elements
between the polypyrimidine tract and AG are necessary for
smooth muscle cell-specific repression of the usually strong
default exon (51); these two elements necessarily enforce a
large separation of branch point and AG.

In summary, we believe that it is the unusual anatomy of
the a-TM intron, with the 3' splice site AG distant from the
branch point, that allows for dissociation between the two
steps in splicing and clarifies the scanning-like behavior
involved in the second step of the splicing reaction. Equally,
transcripts that illustrate the possibility for competition
between AGs on the basis of the preceding nucleotide (Fig.
6), steric effects (Fig. 7), or adjacent pyrimidine-purine
content (32) utilize uncommon intron arrangements to em-
phasize the competitive properties of the second step. It is
important to note that at this stage, independent physical
evidence for spliceosome scanning between the branch point
and 3' splice site is lacking. Nonetheless, the behavior of the
transcripts detailed above argues for a scanning process as
the simplest explanation for the data.

Bypassing of and competition between AGs. We character-
ized a number of circumstances in which the first AG is not
used exclusively. These can be grouped into two main
classes. In the first class, the first AG appears not to be
recognized at all and the next AG is located by the spliceo-
some independent of its distance downstream. We identified
two such circumstances. The first AG can be bypassed in
this way if it is sequestered within a stable secondary
structure (Fig. 5) (2, 5) or if it is extremely close to the
branch point (Fig. 7, B4AG). The next downstream AG is
then used, assuming that the secondary structure is not in a
location where it blocks the second step completely (Fig. 4
and 5). In these cases the first AG simply appears to be
invisible to the spliceosome.
The second class of bypassed upstream AGs involves

competition between AGs. The first AG downstream is
recognized, but a more competitive AG downstream can still
be used in the second step. The distinguishing feature from
the first group of cases is that the second AG must be within
a restricted distance downstream of the first in order to be
selected: the best examples of such competition involved
AGs separated by 3, 6, or 12 nt. The behavior of GAG
trinucleotides seems to be intermediate between these two
classes, in that they are recognized inefficiently and can
reduce but not completely eliminate use of distant down-
stream AGs.
We identified a number of determinants of competitive-

ness between AGs.
(i) Proximity. The more proximal AG is usually much more

competitive, although other determinants of competitiveness
may override this effect.

(ii) Preceding nucleotide. The identity of the nucleotide
preceding the AG affects competitiveness with the hierarchy
CAG = UAG > AAG > GAG. An identical hierarchy is
observed for the rate of the second step at the different
NAGs. This parallels the occupancy of the -3 position in
consensus compilations of 3' splice sites (25, 29, 47) except
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that our experimental data show U and C to be equally
competitive, whereas C is used four times as frequently as U
in 3' splice sites. In addition to being weakly competitive
with nearby AGs, GAGs also appeared to be quite leaky
even when the next downstream AG is distant. It seems
likely that the identity of the nucleotide following the AG
may also play a role in competition; consensus compilations
show a clear G preference at the position following the AG
(25, 29, 47). The ability of closely spaced AGs to compete on
the basis of the nature of the preceding nucleotide suggests
that selective pressure may operate upon exon sequences to
prevent competition from AGs at the 5' end of exons.
Indeed, in a survey of >6,000 vertebrate exons we have
found that there is an area of prohibited competition at the 5'
ends of exons (19). By scoring AGs on the basis of the
preceding and following nucleotides it was found that the
incidence of potentially highly competitive AGs was prohib-
ited at the 5' ends of the exons, where inappropriate com-
petition could disrupt the open reading frame. Thus, our
experimental data on competition between closely spaced
AGs are buttressed by the apparent selective pressure
against competitive AGs in exons. A clue to the molecular
interactions underlying the consensus C > U > A > G at the
position preceding the AG is provided by the recent re-
port that nucleotides C7 and U8 of Schizosaccharomyces
pombe Ul snRNA base pair with the 3' splice site AG (38).
The equivalent nucleotides C9 and U10 of mammalian Ul
snRNAs are followed by Gll, which would be expected to
have a base pairing potential of C > U > A/G with the
nucleotide preceding the AG. We are currently testing the
ability of mutants in the Ul position 11 to alter competition
between competing NAGs in a reporter construct.

(iii) Steric effects. If the first AG is relatively close to the
branch (e.g., 12 nt in B12AG2 [Fig. 7]), a slightly more distal
AG may be preferred. The poor competitiveness of AGs too
close to the branch point probably explains why almost all
introns have a branch point-to-AG separation of at least 18 nt
(14). The common minimal 18-nt separation most probably
therefore results from selective pressure to prevent inappro-
priate competition from AGs within the 5' ends of exons
rather than from absolute steric interference below this
distance.
One potential determinant of competitiveness which we

did not thoroughly investigate but which has been shown by
Patterson and Guthrie (32) to affect competition between
AGs in Saccharomyces cerevisiae is the influence of the
pyrimidine or purine content upstream of the AG. In that
study, two AGs separated by 34 nt, both downstream of a
common branch point, competed as 3' splice sites. An
adjacent uridine stretch improved competitive efficiency,
while adenosines had the opposite effect. This appears to
represent another form of competition between AGs analo-
gous to that determined by the nature of the -3 nucleotide.
Although we showed unequivocally that a proximal AG
could be used exclusively even when preceded by a purine-
rich stretch (Fig. 2), in these transcripts the next CAG was
more than 100 nt downstream, beyond the distance where
we would expect it to be competitive. A complicating factor
that has prevented us from rigorously investigating this
potential effect of pyrimidines is the flexibility of 3' splice
site-branch point-pyrimidine tract sequence requirements
for the first splicing step in mammalian introns (36). Whereas
in yeast cells the branch point UACUAAC sequence is
highly conserved and early steps in splicing are absolutely
independent of a 3' splice site AG (43, 44), in mammalian
splicing AG independence is conditional upon the strength of

the branch point-pyrimidine tract elements (36, 49, 53).
Sequences that are not recruited as branch points in the
presence of a pyrimidine tract alone may be activated by the
same pyrimidine tract followed closely by an AG. Thus,
when we placed a proximal AG, preceded by purines, in
competition with a downstream AG preceded by a strong
pyrimidine tract, use of the downstream AG occurred, due
not to a second step competition but to activation of a
cryptic branch point (data not shown and legend to Fig. 6).
This suggests that competition between mammalian 3' splice
sites based upon the adjacent pyrimidine-purine content may
more commonly occur before the first step, involving com-
peting sites of branch formation. Indeed, we have demon-
strated that the default selection of a-TM exon 3 results
primarily from a competition between exons 2 and 3 based
on the relative strengths of the polypyrimidine tracts asso-
ciated with the two exons (26). Nonetheless, a second-step
competition between AGs in some mammalian introns,
based upon adjacent pyrimidine-purine content, remains a
possibility.

Parallels with translation initiation? Our scanning model
for 3' splice site selection bears a number of similarities to
the model for AUG scanning in translational initiation,
which although not universally employed (18) has been able
to accommodate a number of modifications to its simplest
formulation (21). Both processes show elements of scanning-
like as well as competitive behavior. In both instances the
major determinant for selection of a short and therefore
relatively unspecific sequence signal is its location as the first
such motif downstream of a fixed reference point of much
higher specificity. In the case of translation, the 7mG cap is
unique, being located only at the 5' end of the transcript,
while in splicing the 3'- to 5'-branched nucleotide within the
intron is specified by the invariant UACUAAC sequence in
yeast cells or by a looser immediate sequence context and an
adjacent polypyrimidine tract in higher eukaryotes. The
conclusion that the AG is located with direct reference to the
branch point itself, rather than the pyrimidine tract, is
demonstrated by the fact that a first AG can be used
exclusively as the 3' splice site even when it lies upstream of
the polypyrimidine tract (Fig. 7, BR12AG). Thus, second-
step scanning occurs directly between the sites of the two
transesterification reactions. In both translational and 3'
splice site scanning, the 5'-most AUG or AG motif, respec-
tively, can sometimes be bypassed for a more distal one if it
is very close to the reference signal or if it lies within a poor
sequence context. Relative competitiveness is predictable
on the basis of a consensus sequence context, GCCGCCRC
CAUGG for translation (21) and CAG G for splicing (25).
Proximal AUGs or AGs in weak contexts can be bypassed
for more-favorable downstream sites. In addition, both
processes can be blocked by the presence of a stable
secondary structure between the two signals involved in
scanning (Fig. 4 and 5) (20, 34, 41). Indeed, it is striking that
PRP16, a yeast gene essential for the second step in splicing,
has been shown to have regions of homology with the
helicase motifs of the translation initiation factor eIF4A (45),
which is thought to be important in melting secondary
structure in the 5' end of mRNAs and thus allowing the 40S
ribosomal subunit to scan to the first AUG. A number of
factors have been implicated in the process of 3' splice site
recognition. These include U2AF (42, 62), IBP (12, 57), PTB
(9, 33), and heterogeneous nuclear ribonucleoproteins Al,
C, and D (56). However, with the exception of heteroge-
neous nuclear ribonucleoprotein Al, the polypyrimidine
tract rather than the AG appears to be the primary binding
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site for all these proteins. In yeast cells, at least four genes,
PRP16 (45), PRP18 (59), and SLU4 and SLU7 (6), have been
shown to encode essential second-step splicing factors,
which may be candidates for AG recognition factors. How-
ever, the recent evidence from yeast that U5 snRNA is able
to interact with exon nucleotides flanking both splice sites
(28) and that Ul can base pair with the 3' splice site AG prior
to the first step in splicing (38) suggests that RNA-RNA
interactions will be critical in locating the AG, as they are in
translation initiation via codon-anticodon base pairing (3).

In summary, the data presented here are consistent with a
scanning mechanism for 3' splice site recognition, although
competition between AGs also occurs. Exceptions to the
rule that the first AG downstream of the branch point is
recruited as the 3' splice site themselves follow predictable
rules, as has been found in translational initiation. In this
respect mechanisms of translation have provided an illumi-
nating paradigm for yet another aspect of the splicing reac-
tion.
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