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ABSTRACT
The prducts of splicing of simian virus 40 early pre mRNA in HeLa cell nuclear extracts

have been characterized. Of the two alternative splicing patterns exhibited by this precursor in
vivo, which involve the use of alternative large T and small t 5' splice sites and a single
shared 3' splice site, only one, producing large T mRNA, was found to occur in vitro. A
number of possible intermediates and byproducts of splicing of large T mRNA were observed,
including free large T 5' exon, lariat form intron joined to 3' exon and free lariat and linear
forms of large T intron. The formation of these products argues strongly for a basic similarity
in the mechanism underlying large T and other, non-alternative splices. A collection of RNAs
resulting from protection of early pre mRNA at specific points from an endogenous 5' to 3'
exonuclease activity in vitro have also been observed. The regions of the precursor RNA pro-
tected map to positions immediately upstream of the 5' splice sites of large T and small t and
the lariat branchpoint, and may represent interaction of these regions with components of the
splicing machinery.

INERODUCTION
Considerable progress has been made in recent years in regard to our understanding of the

mechanism and biochemistry of eukaryotic mRNA splicing. This has been due in large part to
the development of cell-free systems able to splice pre mRNAs in vitro (1-4). On the basis of
kinetic studies in vitro (5,6) as well as structural analyses of pre mRNA processing products
in vitro (5-7) and in vivo (8-1 1), a general pathway for pre mRNA splicing has been deduced
(reviewed in 12). This pathway includes as a first step cleavage at the 5' splice junction and
formation of a lariat involving the 5' end of the intron joined by a 2'-5' phosphodiester link-
age to an A residue upstream of the 3' splice junction. This is then thought to be followed by
cleavage at the 3' splice junction and ligation of the 5' and 3' exons. Although both steps in
this process involve what would appear to be several sub reactions, these are believed to
occur in a concerted fashion (12).
The sequences defining 5' and 3' splice sites within the pre mRNAs of higher eukaryotes

are known to comprise a number of elements. Among the most obvious of these are
sequences located at the 5' and 3' splice junctions themselves, which conform to a consensus
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at the 5' splice site of CAG/GTAAGT and at the 3' splice site of (Py)nNCAG/G (13). In
addition a rather liberal consensus sequence of PyNPyTPuAPy has been found to occur 18-37
nucleotides (nt) upstream of 3' splice junctions, the penultimate residue of which is involved
in lariat branch formation (6,7,9-11,14,15). The involvement of Ul and U2 snRNPs in recog-
nition of these elements has been hypothesized (16-18), and strengthened in the case of Ul
snRNP by the demonstration of a requirement for this particle for splicing in vivo (19) and in
vitro (20,21).
Whatever the identity of factors involved in splice site recognition, the mechanism underly-

ing selection of appropriate splice site pairings must satisfy a number of criteria. Among the
most exacting of these is the ability of some pre mRNAs to undergo alternative patterns of
splicing. Alternative splicing pathways are exhibited by a number of viral genes including
early region Ela of adenovirus (22), and early and late regions of SV40 (23-25), and also cel-
lular genes including myosin light chain (26), aA crystallin (27) and troponin T (28). The
early region of SV40, which is perhaps the simplest example of this class of RNAs, contains
two 5' splice sites which in vivo may be spliced to a single shared 3' splice site yielding
either large T or small t mRNAs (23). The ability to form these alternative pairings of 5' and
3' splice sites is difficult to reconcile with the notion of a simple directional scanning mechan-
ism of splice site selection (29).

In order to define more clearly the mechanism involved in determining alternative large T
and small t splicing patterns in the SV40 early region we have undertaken an analysis of the
splicing of this pre mRNA in vitro. Surprisingly, we have observed that although the large T
5' splice was utilised with moderate efficiency, utilisation of the small t 5' splice site could
not be detected in vitro. In addition to the spliced product, a number of probable intermedi-
ates and byproducts of splicing of this precursor to large T mRNA were observed. Finally, a

collection of RNAs were produced that may represent binding of splicing factors to early pre
mRNA at the 5' splice sites of large T and small t and a putative large T lariat branchpoint.

MATERIALS AND METHODS
Template construction
A 45 bp EcoRI-HindI fragment containing a synthetic promoter with the consensus

sequence for E. coli RNA polymerase (the gift of J. Rossi, 30) cloned into plasmid vector
pEA300 (obtained from J. Brosius, 31) was fused to the 1169 bp HindIlI B fragment of SV40
early region (nt 5171-4002) to create pYSVHdB.
Preparation of precursor RNA

Precursor RNA was prepared by run-off transcription of template pYSVHdB, and contained
2 nt and 15 nt at the 5' and 3' ends, respectively, of bacterial sequences. Transcription reac-
tions contained in 50 g1, 0.25 pmol template and 2 pmol E. coli RNA polymerase (the gift of
S. Beychok) in a buffer comprising, 20 mM Tris.HCI (pH 7.9), 0.4 M KCI, 10 mM MgCl2,
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0.1 mM EDTA, 2.5 mM dithiothreitol, 1 mM ATP, CT and UT?, 500 pM GTP and 25 ItCi
a-32P GTP. After 1 hr at 30°C transcription was tenninated by adding rifampicin at 500
pg/ml and 10 min later DNase I at 20 jIg/ml and incubating for 10 min at 37°C. RNA was

then extracted with phenol:chloroform (1:1), purified over a column of Sephadex G100, and
precipitated with ethanol. Transcriptions performed using this protocol yielded 2-4 pmol of
precursor RNA.
In vitro splicing reaction

Nuclear extracts were prepared from HeLa cells using a modification of the method of Dig-
nam et al. (32). Standard splicing reactions contained in 25 pl, 0.15 pmol precursor RNA and
5 jil nuclear extrt in a buffer comprising 4 mM Tris.HCl (pH 7.9), 4% (v/v) glycerol, 20
mM KCI, 2 mM MgCl2, 40 jM EDTA, 0.2 mM dithiothreitol, 4 mM creatine phosphate
(disodium salt) and 500 iM ATP. After 3 hr at 30°C processing was terminated and RNA
extracted using the method of Manley & Gefter (33).
S1 nuclease analysis

Si nuclease mapping of processed RNAs was carried out by the method of Berk and Sharp
(24) using as a probe the 1169 bp Hindl B fragment of SV40 early region (SV40 nt 5171-
4002) labeled at either 5' or 3' ends. The 3' end labeled probe was purified to single strands
by hybridization to M13 (34). Typically, 10-25 ng of probe was used for one-ffth of the pro-
ducts of a splicing reaction. Hybridization was carried out for 4-5 hr at 450C, and S1
nuclease digestion performed using 4 x 103 units/ml S1 for 1 hr at 400C. Following digestion,
products were analyzed either under denaturing conditions on sequencing gels (35), or under
native conditions using the method of Manley & Gefter (33).
Primer extension analysis

Primer extension was performed by the method of Treisman et al. (36) using 5' end labeled
28 mer and 32 mer synthetic oligonucleotide primers complementary to large T intron (SV40
nt 4843-4816) or 3' exon (SV40 nt 4546-4517) regions of early pre mRNA, respectively.
Generally, 0.1-0.2 ng primer was used for one-fifth of the products of a splicing reaction,
although when sequencing of primer extended products was to be performed S ng of primer
and 25 times the amount of processed RNA were used. Hybridizations were performed for 16
hr at 30°C and reverse transcription carried out using 120-400 units/ml reverse transcriptase
(ife Sciences Inc.) for 1 hr at 40°C. Primer extended products were then analyzed on

sequencing gels. For DNA sequencing, preparative scale primer extensions were fractionated
on denaturing buffer step gradient gels and individual cDNAs cluted and sequenced (35).

RESULTS
Kinetics of appearance of products of the splicing reaction
Uncapped precursor RNA spanning SV40 nt 5171 to 4002 was synthesized in vitro using E.

coli RNA polymerase and pYSVHdB as template. This RNA was then incubated in HeLa cell
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nuclear extracts. Processing reactions were terminated over a range of times and the products
analyzed by SI nuclease mapping. The probe used in these analyses was the SV40 HindBI B

fragment which spans the entire length of the precursor, including both large T and small t 5'
splice sites and the 3' splice site. SI mapping using this probe labeled at the 3' end coupled
to denaturing gel analysis was employed to distinguish possible utilization of large T and
small t 5' splice sites. From the results of this analysis, shown in Figure 1A, it is apparent
that a substantial fraction of the input RNA, perhaps 75%, was degraded during the course of
the incubation. In addition, at later stages of the reaction, beginning at lhr, cleavage of the
precursor RNA at the 5' splice site of large T, represented by the appearance of a protected
probe fragment of 258 nt, was seen to occur. In contrast, over the same period no detectable
cleavage at the small t 5' splice site, which would be represented by a probe fragment of 538
nt, was observed. This lack of small t 5' splice site cleavage has been consistently observed
in vitro in all incubation conditions tested, using both uncapped and uncapped precursor
RNAs, and contrasts with the ability of the same capped precursor to be cleaved at both large
T and small t 5' splice sites when microinjected into Xenopus laevis oocytes (37).

In order to determine whether cleavage of the early precursor RNA at the 3' splice site and
subsequent ligation of large T 5' and 3' exons was occunring during the course of the incuba-

tion, Si nuclease mapping using the same probe labeled this time at the 5' end and coupled to

denaturing and native gel analysis was performed. From the results of these analyses, shown
in Figure lB and C, it is apparent that cleavage of the precursor at the 3' splice site did occur,
as evidenced by the appearance of a protected probe fragment of 570 nt (Figure 1B), and with
kinetics closely paralleling those of large T 5' splice site cleavage. That this cleavage product
was ligated to the large T 5' exon is shown in Figure IC by the simultaneous appearance of
an RNA:DNA hybrid of length approximately 820 bp corresponding to spliced product. In

addition, another product, represented by a protected probe fragment of length 92(nt, is
apparent in Figure 1B and C. The length of this protected fragment maps the 5' end of this
product to the 5' end of the intron, suggesting that it probably reflects cleavage at the 5'

splice site of large T without cleavage at the 3' splice site.
Together with these expected products, three unexpected products, represented by probe

fragments of 930, 650 and 600 nt (Figure lB and C), corresponding to cleavages close to and
upstream of large T and small t 5' splice sites and the 3' splice site respectively, accumulated
as very early products during the the reaction. That these products were due to the activity of
a 5' to 3' exonuclease endogenous to the nuclear extract is suggested by the native and dena-
turing gel analyses shown in Figures IC and A. The results of Figure 1C demonstrate on the
one hand that these RNAs are cleavage products, while Figure 1A shows that products
corresponding to the 5' portions of the precursor RNA cleaved at each of these points could
not be detected. This notion is strengthened further by the observation that when capped pre-
cursor RNA was used as a substrate in the processing reaction, these species were greatly
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reduced in amount (M. Chaudhuri, personal communication).
Although these unexpected products appear to differ significantly in their kinetics of appear-

ance from spliced large T mRNA, two (920 and 600 nt) increased considerably over 3hr while
the third (650 nt) remained at a constant and relatively low level throughout the incubation,
these RNAs have the same requirements (including ATP and Mg) and exhibit the same
optimum conditions for production as spliced large T mRNA (unpublished data).
Analysis of processing products in polyacrylamide-urea gels

In order to define more clearly the products of the in vitro splicing reaction, RNA isolated
after a 3hr incubation in the nuclear extract was fractionated on a 5% polyacrylamide-urea
gel. The pattern of products revealed by this method, shown in Figure 2A, comprises eight
components (I-VI) including unprocessed precursor RNA (IH). Two of these products
migrate in this gel with apparent sizes greater than precursor (I,1I), while the remainder
migrate with sizes approximately 930 nt (IV), 845 nt (V), 600 nt (II), 340 (VH), and 255nt
(VI). From a comparison of the sizes of these RNAs and the size of protected probe frag-
ments determined in the S1 analysis shown in Figure lB and C, two of the components may
be identified tentatively as products of cleavage upstream of the large T 5' (IV) and 3' splice
sites (VI). In addition, it may be noted that products VII (340 nt) and Vm (255 nt) are of
sizes close to those expected for free large T intron (346 nt) and free large T 5' exon (261 nt)
respectively, while product V (845 nt) is of a size close to that expected for large T spliced
RNA (840 nt).
When each of these RNAs was eluted and analyzed on a 3.5% polyacylamide-urea gel,

shown in Figure 2B, all but two migrated with a consistent apparent size. The two exceptions
(I and II), which on the 5% polyacrylamide gel had both migrated with extremely large
apparent sizes, ran on the 3.5% polyacrylamide with greatly reduced sizes, the smaller of the
two (II) migrating with an apparent size of only 490 nt. One interpretation of the anomalous
behavior of these latter two species on different percentage polyacrylamide gels would be that
they possess a non-linear structure. Similar anomalous electrophoretic mobilities have been
observed by others for splicing intermediates and byproducts containing lariat form intron
sequences (5,6,9-11).

Figure 1. S1 nuclease analysis of processed RNAs. (A) S1 mapping performed using a
single-stranded 3' end labeled HindI B fragment probe (SV40 nt 5175-4003) analyzed under
denaturing conditions. Cos corresponds to total cytoplasmic RNA from an SV40-transformed
monkey cell line. M represents size markers. A diagram of expected S1 nuclease-resistant
probe fragments is shown below. (B) and (C) S1 mapping carried out using a double-stranded
5' end labeled HindEII B fragment probe analyzed under denaturing (B) or native conditions
(C). Note that RNA:DNA hybrids migrate slightly above DNA markers of equivalent size in
the native analysis. Diagrams of expected S1 nuclease resistant probe and RNA:DNA hybrid
fragments are shown below.
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Figure 2. Polyacrylamide-urea gel analysis of processed RNAs. (A) Processed RNA run on a
preparative 5% polyacrylamide-8 M urea gel. Pre corresponds to precursor RNA. Products of
the splicing reaction are designated in descending order of apparent size by the roman
numerals I through VIII. (b) Individual processed RNAs purified from the gel in part (A) run
on a 3.5% polyacrylamide-8 M urea gel. Purified RNAs are indicated by their designation in
part (A). T corresponds to the total products of a splicing reaction unfractionated.

SI nuclease and primer extension analysis of processing products
Further characterization of each of the products of the in vitro splicing reaction was

achieved by SI nuclease and primer extension analysis of individual RNAs purified from the
5% polyacrylamide-urea gel shown in Figure 2a. SI nuclease analysis of component VIII (255
nt), using as a probe the Hindu B fragment labeled at the 3' end, yielded a protected probe
fragment of 255 nt, identifying this species as the free 5' exon of large T (unpublished data).
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Si analysis of components I,IV,V and VI using the same probe labeled at the 5' end was per-
formed with the result shown in Figure 3A. The size of the protected probe fragment observed
for component IV (930 nt) suggests that this RNA corresponds to the product of precursor
cleavage upstream of the large T 5' splice site. The pattern of protected probe fragments evi-
dent for component VI (600 nt doublet and 560 nt) suggests that this RNA represent the pro-
duct of precursor cleavage upstream of the 3' splice site. The protection by this RNA of a
probe fragment of 560 nt might indicate that a small degree of uncoupling of cleavage at the
3' splice junction from T exon ligation has occurred. The protection of a 560 nt probe frag-
ment by component V establishes that this RNA is a product of cleavage at the 3' splice junc-
tion, consistent with its identification as spliced large T niRNA. In addition, component I
yields a protected probe fragment of approximately 920 nt. The length of this protected frag-
ment maps the 5' end of this RNA to the 5' end of the large T intron.

Primer extension analysis of components I, II and VII was performned using a combination
of large T intron and 3' exon-specific primers, with the results shown in Figure 3B. In this
analysis it can be seen that component I yields an extended product of 102 nt with the intron-
specific primer (I), coincident with the 5' end of the large T intron. In contrast, this same
component yields extended products with the 3' exon-specific primer far smaller, at 73 and 74
nt, than the 401 nt expected for an RNA with this 5' end. These extended products were not
observed in primer extensions of either purified precursor or spliced large T mRNA using the
same primer (unpublished data). The existence of a strong stop for reverse transcription indi-
cated by the smaller than expected size of these extended products has been observed by oth-
ers for splicing intermediates produced in vivo (8-11) and in vitro (6,11,38) and is consistent
with the identification of this component as 3' exon linked to a lariat fonn of large T intron.
The location of the strong stop, which in other cases has been shown to coincide with the
position of a 2'-5' phosphodiester branch linkage joining the 5' end of the intron to specific
nucleotides close to and upstream of the 3' splice site (6,38), maps the putative lariat branch
contained in component I to two A residues of the sequence 5'-TTCTAAT-3' located 18 and
19 nucleotides upstream of the 3' splice junction.

In the same analysis, components II and VII both yield a 102 nt product with the intron-
specific primer (I), coincident with the 5' end of the large T intron, while neither species
gives extended products with the 3' exon specific primer (E). The location of 5' end and lack
of 3' exon sequences demonstrated for component II in this analysis suggests identification of
this product as frce lariat form of large T intron, while the identical 5' end and lack of 3'
exon sequences indicated for component VII suggest that this RNA is linear large T intron.
DNA sequencing of primer extension products
As a further element in the analysis of products of the splicing reaction, primer extension

using the 3' exon-specific primer of Figure 3B was performed upon the total products of a

splicing reaction, with the result shown in Figure 4A. Seven major extended products includ-
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ing that corresponding to precursor (662nt, IH) were observed. These products are of approxi-
mate sizes 400 nt (IV), 310 nt (V), 130 nt (VIa), 86 nt (VIb), 80 nt (VI c), and 72 nt (1). Each
of these species was eluted from the gel and sequenced using the Maxam-Gilbert technique.
The sequences of products IV, VIa, and VIb,c (not shown) were found to correspond, as
expected from their sizes, to RNAs cleaved upstream of large T and small t 5' splice sites and
the 3' splice site, respectively. Ihe exact positions of these cleavages were mapped, as shown
in Figure 4C, to 8-10 nucleotides upstream of both 5' splice sites (IV and VIa), and 9-10
(VIc) and 15-16 (VIb) nucleotides upstream of the putative lariat branchpoint. Similar
sequence analysis of species I (not shown) established that it represents a primer extension
product tenrinating at the putative lariat branchpoint.
The sequencing reactions for product V, which is of a size close to that expected for large

T spliced RNA (316 nt), are shown in Figure 4B alongside those for a cDNA to early precur-
sor RNA. The sequence of product V revealed by this analysis coincides completely with that
expected for accurately spliced large T mRNA.

DISCUSSION
In vivo SV40 early pre mRNA, which contains two 5' splice sites and a single 3' splice

site, may be spliced to give either of two altemative mRNAs encoding large T or small t
antigens. In HeLa cells the ratio of spliced products produced favors large T over small t by
approximately 3 to 1 (37). We have shown that in vitro in HeLa cell nuclear extracts, only the
large T 5' splice site was utilized in splicing of an early precursor RNA.
A number of factors are known to influence the efficiency with which potential splice sites

are recognized by the splicing machinery in vivo, over and above the level of homology exhi-
bited by 5' and 3' splice sites to their established consensus sequences (39). First, the posi-
tion of a potential splice site in the pre mRNA in relation to other potential sites appears to be
important. In mutants constructed with tandem duplications of wild-type 5' or 3' splice sites,
only the 5' proximal 5' and 3' sites in the y globin second intron (40), and only the outermost
5' and 3' sites in the 1 globin large intron (41) have been found to be utilized in vivo. It
may be noted that the exclusive selection of the 5' proximal T 5' splice site in preference to

Figure 3. S1 nuclease and primer extension analysis of purified processed RNAs. (A) S1
mapping of purified processed RNAs performed using a double-stranded 5' end labeled Hin-
dl B fragment probe analyzed under denaturing conditions. A diagram of expected S1
nuclease-resistant probe fragments is shown below. (B) Primer extension analysis of purified
processed RNAs carried out using 5' end labeled primers complementary to either large T
intron (I:SV40 nt 4843-4816) or 3' exon sequences (E: SV40 nt 4546-4517). GA and TC
epresent sequencing reactions for a cDNA produced by primer extension of precursor RNA
using the 3' exon-specific primer. Primer extended products of 56-58 nt produced with the 3'
exon specific primer are an artifact of hybridization of this primer to yeast tRNA used as a
carrier. A diagram of expected primer extended products is shown below.
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C

T5'SS v t5'SS
--GCrGCnGGGATGCAACCGAdGTAITrGC-()--CAGAGAITrAAAGCTCrAAdGTAAATATAAA-

4930 4920 4910 4650 4640 4630

Vic I 3'

-TAATGTGTTAAACrACTGATTCTAATTGmTGTGTATrrAdATTCCAACCTATGGAA-
4610 4600 4590 4580 4570 4560

Figure 4. Primer extension and nucleotide sequence analysis of processed RNAs. (A) Large
scale primer extension analysis carried out using the 5' end labeled 3' exon-specific primer
described in Figure 2 part (B), fractionated on a buffer step gradient. Primer extended pro-
ducts are designated in accordance with the system describing RNA products in Figure 2 part
(A). Pre represents precursor RNA. A diagram of expected primer extended products as
shown below. (B) Maxam-Gilbert sequence analysis of primer extended products III and V
corresponding to unspliced precursor and large T spliced RNAs respectively. An arrow indi-
cates the 3' splice junction and point of divergence between the sequences of the two
extended products. (C) Nucleotide sequences surrounding the large T and small t 5' splice
sites and 3' splice site. Afrows indicate the positions of cleavage sites (IV, VIa,b, and c), and
the lariat branchpoint (I) corresponding to primer extended products described in part (A).

the downstream small t 5' splice site in vitro agrees at least superficially with this pattern of
utilisation. Second, in a number of cases, including early and late regions of SV40 (42,43),
sequences distal to splice sites may play a role in determining splice site strength. For the
early region, deletion of sequences toward the 5' end of the large T intron has been shown to
reduce accumulation small t mRNA relative to large T mRNA in vivo (42). Third, the dis-
tance separating potential 5' and 3' splice sites appears to effect splice site utilisation. In
mutants containing extensive deletions of intron sequence studied in vivo in the 1 globin large
intron (44), and in vitro in the ,B globin first intron (38) and Ela 13S intron (45), the
efficiency of splice site utilization has been found to be dramatically reduced for introns
smaller than approximately 80 nucleotides. It may be noted that the small t intron at 66
nucleotides is considerably smauller than the suggested threshold length. One explanation for
the discrepancy observed between in vivo and in vitro patterns of splicing of the SV40 early
precursor RNA would be that differences may exist between the heirarchy of these influences
as they affect splice site utilisation in vivo and in vitro. Previous observations of differences
between in vivo and in vitro efficiences of splicing of mutant pre mRNAs would be consistent
with such an explanation (4,38,14,46). We are currently attempting to test this notion by
analyzing the effects upon small t 5' splice site utilization in vivo and in vitro of deletion of
the large T 5' splice site, and expansion of the small t intron.

In addition to large T spliced mRNA, we have demonstrated the production in vitro of a
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Figure 5. Schematic summary of RNAs produced in the processing of SV40 early precursor
RNA. Each RNA is identified according to designation in Figures 2(A) and 4(A). Asterisks
identify those products resulting from the activity of a 5' to 3' exonuclease.

number of potential intermediates and byproducts of the splicing of early precursor RNA to

large T mature mRNA which bear on the mechanism of the large T splice (Figure 5). Two
possible intermediates we have observed are the free 5' exon of large T and an RNA contain-
ing the 3' exon joined to what we believe to be a lariat form of the large T intron. Similar
intermediates have been observed by others in the splicing of adenovirus leaders 1 and 2 and

1 globin first intron in vitro (5,6), and 1 globin second intron in vivo (11). Their production
in the course of splicing of SV40 early precursor to large T mature mRNA indicates that the
mechanism underlying the large T splice is fundamentally similar to that underlying other,
non-alternative splices. We have mapped the putative branch formed as an intermediate in
splicing of SV40 large T mRNA to the sequence ITCTAAT located close to and upstream of
the 3' splice junction. This sequence conforms closely to the branchpoint consensus sequence
(6,15), and lies within the expected distance of the 3' splice site. The precise position of the
putative branchpoint, determiined from the location of a primer extension block characteristic
of such branched nucleotides, corresponds to the fifth and sixth residues of this consensus
sequence, both As, located respectively 19 and 18 nucleotides upstream of the 3' splice junc-
tion. The ambiguity in mapping the position of this branch may be due to the technique
employed or reflect a true flexibility in location of the branch noted in other instances in
which the fifth nucleotide of the branchpoint consensus sequences is an A (14).
Among the products of splicing of SV40 early precursor RNA, we have observed two pos-

sible byproducts of the reaction, namely free lariat and linear forms of the large T intron. Free
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lariat introns have been observed by others as byproducts of splicing in vitro (5,6,11) and in
vivo (11). Free linear introns have also been observed in splicing of P globin first and second
introns in vivo (11), although in vitro splicing products of the same and other pre mRNAs
have been found to include only free introns with non-linear structures (6,11). Our characteri-
zation of the putative linear large T intron would appear to exclude the possibility that this
RNA might have a non-linear structure. Instead its production may be explained by the pres-
ence in the nuclear extract we have used of an activity similar to that described in an S100
fraction by Ruskin et al. (38,47), which catalyzes debranching of free lariat large T intron.

In the course of our analysis of the products of splicing of early precursor, we have
identified a number of species that appear to result from protection of precursor RNA in
specific regions from the activity of a 5' to 3' exonuclease endogenous to the nuclear extract.
These protection products were observed in the earliest stages of the splicing reaction well in
advance of the appearance of splicing intermediates. Their relevance to the splicing process is
suggested both by the locations of the protected regions described and by the observation that
they are produced only in the same conditions as bona fide products of the splicing process.
Our interpretation of their appearance is that they represent binding to the precursor RNA of
components of the splicing machinery as a prelude to its participation in events of the splicing
process.
Of the four major protection sites we have mapped in the SV40 early pre mRNA, two are

located 8-10 nucleotides upstream of large T and small t 5' splice sites, respectively. It has
been known for some time that the 5' end of Ul snRNA exhibits complementarity to the 5'
splice site consensus sequence (16,17), and, more recently, partially purified Ul snRNP parti-
cles have been shown to bind in vitro specifically to a region of the mouse P globin first
intron encompassing the 5' splice site (48). The region protected by Ul snRNP particles in
this analysis was found to extend from 10-11 nucleotides upstream of the 5' splice junction to
as much as 32 nucleotides downstream of it, and thus corresponds closely in its 5' boundary
to the region of SV40 early precursor protection observed for both 5' splice sites in this in
vito system. The fact that we observe protection of the small t 5' splice site under conditions
in which we fail to see cleavage at this site may imply that non-utilization of this splice junc-
tion in vitro is not a reflection of its inability to be recognized as such.
Two other protection sites we have mapped in early pre mRNA correspond to locations

27-28 and 33-34 nucleotides upstream of the 3' splice junction. Although complementarity
between a region of Ul snRNA and the 3' splice site consensus has also been noted (16,17),
attempts to demonstrate binding of purified Ul snRNP particles to 3' splice site sequences in
vitro have been unsuccessful (48,49). However, recently, binding of U2 snRNP during the
splicing reaction to a region encompassing the lariat branchpoint has been demonstrated (50).
The region protected by U2 snRNP particles in this analysis was found to extend from 19-25
nucleotides upstream of the branchpoint to 9-16 nucleotides downstream of it, which
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corresponds well to the 5' limit of sequences at the 3' splice site protected in the SV40 early
precursor in this in vitro splicing system.
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