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RNA Splice Site Selection: Evidence 
for a 5'+3' Scanning Model 

Katharine M. Lang and Richard A. Spritz 

Intervening sequences (IVS) are a fea- 
ture of a large number of eukaryotic 
genes (I). These sequences are included 
in the initial nuclear RNA transcripts, 
but are excised during maturation into 
cytoplasmic RNA, a process referred to 
schematically as splicing. RNA splicing 
is a precise process with highly accurate 
recognition of appropriate coding-inter- 
vening sequence boundaries. However, 
relatively little specific sequence infor- 
mation appears required to define a 
splice site (2, 3), and the factors that 
influence the selection of appropriate 
splice sites are largely unknown. Many 
messenger RNA (mRNA) precursor mol- 
ecules are complex, with multiple inter- 
vening sequences and large numbers of 
potential splice sites. Therefore, it is 
likely that selection of splice junctions is 
a highly ordered process. 

Several models for the appropriate se- 
lection of splice sites have been pro- 
posed (4),  the simplest of which is that 
splice site selection occurs by a direc- 
tional "scanning" process. In such a 
model the recognition of specific se- 
quences on a nucleic acid macromole- 
cule by a protein is facilitated by "linear 
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fore, a directional component to the 
splice site selection process does not 
imply that excision of intervening se- 
quences from a multi-IVS precursor oc- 
curs in an obligate or even preferred 
order. In addition, a directional process 
of splice site selection could be compli- 
cated by a number of modifying factors. 
These types of models describe an essen- 
tially passive process of splice site selec- 
tion. In some biological systems appar- 
ent alternative pathways of RNA splic- 
ing and transcript termination or poly- 

diffusion," the "sliding" of the protein adenylation (7, 8) might reflect some 
along the length of the nucleic acid chain form of active regulation that modifies or 
(5). This type of process probably medi- even supersedes any passive mecha- 
ates the recognition of the Escherichia nisms of splice site selection. 
coli lac operator sequence by the repres- To determine the role of directionality 
sor protein (6). A lateral diffusion pro- in selection among potential splice junc- 
cess might either begin at one end of a tions, we used the second IVS (IVS-2) of 

Abstract. Human G,-globin genes containing tandem duplications of the donor 
(5') or acceptor (3') R N A  splice sites of the second intervening sequence were 
constructed in order to ascertain the directionality of R N A  splice site selection. 
These genes were introduced into cultured monkey cells, and their transcripts were 
analyzed. Transcripts of these duplication variants were spliced only at the proximal 
copy of the duplicated splice sites. These data are consistent with a 5'+3' model of 
splice site selection. 

linear macromolecule or it might initiate 
internally. If internal, the initial binding 
of protein and nucleic acid might either 
be site-specific (that is, mediated by a 
defined sequence or structure) or non- 
specific (random). Futhermore, a scan- 
ning process of splice site recognition 
and IVS excision might either be proces- 
sive (the splicing protein remaining on 
the RNA after a splice event and sliding 
to the next available splice sites) or dis- 
tributive (the protein dissociating from 
the mRNA precursor after each splice 
event and reassociating at random with 
the same or another molecule). There- 

the human G,-globin gene as a test sys- 
tem since there is no evidence that alter- 
native splicing of G,-globin transcripts 
ever occurs in normal individuals. Vari- 
ant G,-globin genes containing small tan- 
dem duplications which included either 
the donor (5') or acceptor (3') splice sites 
of IVS-2 were constructed and intro- 
duced into cultured mammalian cells 
with the use of prokaryote-eukaryote 
"shuttle vectors" capable of replication 
and expression of cloned eukaryotic 
genes in monkey cells (9). Transcripts of 
the normal human G,-globin gene are 
appropriately processed in this system. 



Because the duplicated splice sites and 
their surrounding regions have identical 
sequences, analysis of spliced tran- 
scripts from the G,-globin duplication 
variants could provide information re- 
garding the directionality of splice site 
utilization. The structures of the spliced 
transcripts of these duplication variants 
were consistent with a 5'-+3' directional 
process of splice site selection. 

SV40 plasmids replicate and express 
the human G,-globin gene in cultured 
monkey cells. Plasmids containing an 
SV40 origin of replication undergo effi- 
cient extrachromosomal replication in 
COS cells (9, lo), a monkey kidney cell 
line transformed by an origin-defective 
mutant of SV40 (!I), although transcrip- 
tion may depend on the presence of 
certain cis-acting "enhancer sequences" 
(9, 12). We constructed a similar plas- 
mid, pSVd, containing portions of SV40 
dl2005 (13) and pBRd (9) (Fig. 1A). In 
order to construct the y-globin plasmid 
pSVy, we inserted into the Cla I site of 
pSVd a 3.1-kb Msp I fragment of the 
human G,-globin gene extending from 5 1 
bases 5' to the cap site of G,-globin 
mRNA to 1483 bases 3' to the polyade- 
nylation site (14). Although the TATA 
(T, thymine; A, adenine) box (15) is 
included in this G,-globin segment, the 
CCAAT (C, cytosine) box (15) is not; 
therefore, we expected that transcription 
of the G,-globin gene would initiate at 
SV40 late mRNA 5' termini. The G,- 
globin duplication variant plasmids 
pSVy5' and pSVy3' also contained tan- 
dem duplication of an 85-base Bam HI- 
Sau 3A or a 181-base Sac I fragment 
containing the donor or acceptor splice 
sites of IVS-2, respectively (Fig. 1B). 
Limited DNA sequence analyses (16) 
confirmed the presence and stability of 
these duplications. 

COS cells were transfected (17) with 2 
pg of pSVy or pdy per 100-mm plate; 
pdy is similar to pSVy but lacks an SV40 
replication origin. After 48 hours, low 
molecular weight DNA (18) or total RNA 
(19,20) was extracted from the transfect- 
ed cells. Southern blotting analysis (21) 
demonstrated that most of the recovered 
pSVy DNA was sensitive to cleavage by 
both Sau 3A and Mbo I (not shown), 
indicating a loss of adenine methylation 
from the plasmid by replication in COS 
cells (9, 22). In contrast, recovered pdy 
DNA was cleaved by Sau 3A but not by 
Mbo I (not shown), confirming that plas- 
mid replication in COS cells is dependent 
on the SV40 replication origin. 

Blot hybridization analysis (23) of total 
RNA from COS cells transfected with 
pSVy demonstrated a single diffuse band 
of approximately %O bases with maxi- 

mal hybridization 48 to 72 hours after 
transfection when a probe specific for 
the coding strand of G,-globin RNA was 
used (not shown). The size of this globin 
RNA band suggests that globin gene 
transcription does initiate in the late re- 
gion of SV40, and that the SV40-globin 
hybrid RNA has been appropriately 
processed. 

Transcripts of pSVy have SV40 5' ter- 
mini and are appropriately processed. 
To map the 5' termini of pSVy tran- 
scripts we carried out SI nuclease analy- 
sis (24, 25) using a 5' end-labeled 330- 
base Sph EBgl I fragment of pSVy. 

6 
pSVy5' ~ . p  I O wS-p Eco Rl 

P S V Y A  t I 

p s V ~ 3 '  BamHl 3A & 
Fig. 1. Structures of SV40-G,-globin recom- 
binants. (A) Vector pSVd. The solid line 
represents SV40 sequences, the hatched line 
plasmid sequences, and the dotted line adap- 
tor sequences. (B) Structures of the G,-globin 
portions of pSVy, pSVyS', and pSVy3'. Re- 
striction endonuclease cleavage sites used to 
construct these plasmids are indicated. 
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Total polyadenylated RNA (26) protect- 
ed a major product of approximately 265 
bases (Fig. 2), as well as four additional 
minor products of 249,237,210, and 202 
bases, corresponding to apparent 5' ter- 
mini at SV40 nucleotides 264, 278, 290, 
317, and 325, respectively (27). Primer 
extension analysis (28) with a 5' end- 
labeled 33-base Dde I-Nco I primer de- 
rived from the G,-globin 5' untranslated 
sequence identified these same 5' termi- 
ni, as well as an additional minor termi- 
nus at SV40 nucleotide 168 (not shown). 
This 5' terminus would not be demon- 
strated by the Sph EBgl I probe de- 
scribed above, but was observed with a 
similar but longer 527-base 5' end-la- 
beled single-stranded Bgl I-BgI I probe 
that extended into the early region of 
SV40 (not shown). Thus, the 960-base 
pSVy transcripts described above actu- 
ally consist of at least six discrete RNA 
species with 5' termini corresponding to 
the known 5' termini of SV40 late 
mRNA's (8, 27). 

The site of polyadenylation of pSVy 
RNA was determined by S1 nuclease 
analysis with a 3' end-labeled 565-base 
Eco RI-Hind 111 G,-globin DNA probe. 
As shown in Fig. 3, pSVy RNA protect- 
ed a 166-base DNA segment, indicating 
that at least some pSVy transcripts are 
polyadenylated at the same site as nor- 
mal G,-globin mRNA (29). 

Splicing of the G,-globin segment of 
pSVy RNA was assessed by SI nuclease 
mapping of all four coding-intervening 
sequence junctions. To assay splicing at 
the donor splice site of the first IVS 
(IVS-11, we used a 3' end-labeled 551- 
base Eco RI-Bam HI probe derived 
from pSVy. As shown in Fig. 4A, pSVy 
RNA protected a 224-base segment of 
this probe, consistent with cleavage of 
pSVy transcripts at the normal IVS-1 
donor splice site. Similarly, pSVy RNA 
protected a 207-base segment of a 5' end- 
labeled 343-base Mbo 11-Bam HI probe 
(Fig. 4B), consistent with cleavage of 
pSVy transcripts at the normal acceptor 
splice site of IVS-1. Splicing at the donor 
splice site of IVS-2 was assessed with 
the use of a 3' end-labeled 399-base 
Nco I-Xba I fragment of pSVy. The 
pSVy RNA protected a 203-base seg- 
ment of this probe (Fig. 5), consistent 
with cleavage at the normal donor splice 
site of IVS-2. A 5' end-labeled 399-base 
Hind 111-Sfa NI DNA probe derived 
from pSVy3' yielded a 137-base protect- 
ed fragment on S1 nuclease analysis (Fig. 
6), consistent with cleavage of pSVy 
transcripts at the normal acceptor splice 
site of IVS-2. 

The overall size of the pSVy tran- 
scripts was assessed by primer extension 
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analysis with a 5' end-labeled 48-base 
Bst NI-Eco RI primer derived from 
exon 3 of the G,-globin gene. This yield- 
ed a major extension product of approxi- 
mately 592 bases and a series of other 
minor extension products (not shown), 
corresponding to completely spliced 
transcripts with 5' termini as described 
above. Thus, pSVy globin transcripts 
have 5' termini from the late region of 
SV40 and are appropriately processed at 
the normal G,-globin splice and poly- 
adenylation sites in COS cells. 

Transcripts of pSVy5' are spliced only 
at the 5' copy of the duplicated IVS-2 
donor splice sites. To assess the utiliza- 
tion of the duplicated IVS-2 donor splice 
sites in pSVy5' RNA, total polyadenylat- 

ed RNA from COS cells transfected with 
pSVy5' was hybridized to the Nco I- 
Xba I IVS-2 donor splice site probe de- 
scribed above. As shown in Fig. 5, SI 
nuclease digestion of the hybrids pro- 
duced a 203-base protected fragment, 
identical to that protected by pSVy 
RNA. Prolonged exposure of this autora- 
diograph failed to demonstrate an Sl- 
resistant fragment of 273 bases, which 
would be protected by pSVy5' tran- 
scripts cleaved at the distal (3') copy of 
the duplicated IVS-2 splice sites. When 
the 399-base Hind 111-Sfa NI probe de- 
scribed above was used to map the ac- 
ceptor splice site of IVS-2, pSVy5' RNA 
protected a 137-base fragment (not 
shown), identical to that protected by 

pSVy RNA. Primer extension analysis 
of pSVy5' RNA, with the Bst NI- 
Eco RI exon-3 primer described above, 
demonstrated a series of extension prod- 
ucts indistinguishable from those from 
pSVy RNA (not shown). Thus, there are 
no apparent differences in the structures 
of the spliced transcripts of pSVy and 
pSVyS1, indicating that, within the limits 
of detection, all pSVy5' transcripts are 
spliced at the proximal (5') copy of the 
duplicated IVS-2 donor splice sites. In 
general, the abundances of pSVy and 
pSVy5' transcripts were similar, indicat- 
ing that the apparent absence of pSVy5' 
transcripts spliced at the distal IVS-2 
donor splice site does not result from 
their preferential degradation. 
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Transcripts of pSVy3' are spliced only 
at the 5' copy of the duplicated IVS-2 
acceptor splice sites. To assess the utili- 
zation of the duplicated IVS-2 acceptor 
splice sites in pSVy3' RNA, S1 nuclease 
mapping was performed with the Hind 
III-Sfa NI IVS-2 acceptor splice site 
probe described above. As shown in Fig. 
6, this probe extended from within IVS-2 
through the duplicated region and in- 
to the 3' untranslated sequence. The 
pSVy3' RNA protected a 317-base seg- 
ment of this probe, corresponding to 
cleavage of pSVy3' transcripts at the 
proximal copy of the tandemly duplicat- 
ed IVS-2 acceptor splice sites. Although 
not easily seen in Fig. 6, pSVy3' RNA 
also protected a trace amount of the 
same 137-base fragment which pSVy 
RNA protected (see above). However, 
this did not represent pSVy3' transcripts 
cleaved at the distal copy of the duplicat- 
ed IVS-2 acceptor splice site. Instead, 
this band is an artifact arising from out of 
register hybridization between the proxi- 
mal duplicated segment in pSVy3' RNA 
and the distal duplicated segment in the 
probe, with looping out of the distal 
duplicated segment in the RNA. This 
artifact was considerably more evident 
when a similar but longer 468-base Hind 
III-Sau 3A pSVy3' fragment was used 
as probe, since this fragment contains 
extensive sequences from the 3' untrans- 
lated region which stabilize this misalign- 
ment. 

To prove that the 137-base artifact 
band did not result from cleavage of 
pSVy3' transcripts at the distal duplicat- 
ed IVS-2 acceptor splice site, S1 nucle- 

ase mapping was performed with a 3' 
end-labeled 890-base Nco I-Msp I probe 
consisting of G,-globin (complementary 
DNA) (thus not containing IVS-2) con- 
taining the same duplication as pSVy3' 
(Fig. 7). This resulted in a single protect- 
ed fragment of 610 bases, indicative of a 
splice between the IVS-2 donor and the 
proximal duplicated IVS-2 acceptor 
splice sites in pSVy3' RNA. No 337-base 
fragment that would result from a splice 
between the IVS-2 donor and the distal 
duplicated IVS-2 acceptor splice sites 
was observed. Furthermore, there was 
no evidence for splices utilizing cryptic 
splice sites within IVS-2 or exon 3. S1 
nuclease mapping with the Nco I-Xba I 
IVS-2 donor site probe described above 
demonstrated a 203-base fragment (Fig. 
9, identical to that protected by pSVy 
RNA, indicating cleavage of pSVy3' 
transcripts at the normal donor splice 
site of IVS-2. Furthermore, S1 nuclease 
mapping with a series of 3' end-labeled 
y-globin cDNA and pSVy probes dem- 
onstrated that no atypical splices occur 
in pSVy3' RNA, including a splice be- 
tween the IVS-1 donor and either of the 
duplicated IVS-2 acceptor splice sites 
(not shown). Finally, nucleotide se- 
quence analysis of the primer extension 
products of pSVy3' RNA (with the 48- 
base Bst NI-Eco RI exon-3 primer de- 
scribed above) demonstrated only the 
expected IVS-2 splice (not shown). 

Thus, all globin IVS-2 splices in 
pSVy3' RNA occur between the normal 
IVS-2 donor and the proximal duplicated 
IVS-2 acceptor splice site. The spliced 
transcripts of pSVy3' were equal in 
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abundance to those of pSYy, both .in 
nuclear and cytoplasfflic RNA fractions 
(30) (not shown). Therefore, persistence 
of a portion of an intervening sequence 
in spliced transcripts does not lead to 
preferential degradation or defective 
compartmentalization of these tran- 
scripts. 

Interpretation 

Some mRNA precursors, such as that 
encoding chicken a2 (type I) collagen 
(31), contain as many as 50 intervening 
sequences, and some appear to be pro- 
cessed through a series of partial step 
wise splice events (32). If splice site 
selection were a stochastic process, the 
maturation of functional mRNA's from 
such complex precursors would seem 
extremely improbable. Therefore, it is 
likely that splice site selection is a highly 
ordered process. The object of this study 
was to explore the role of directionality 
in confening order on the process of 
splice site selection. 

We constructed variant human G,- 
globin genes containing tandem duplica- 
tions, which included either the donor or 
acceptor splice sites of IVS-2 and their 
surrounding sequences. Authentic splice 
sites can vary considerably in sequence 
(33) and presumably thus also vary in 
intrinsic strength. However, because the 
duplications in the variant genes con- 
tained identical sequences, this experi- 
ment compared selection between poten- 
tial splice sites with identical intrinsic 
strengths and surrounding sequences. 
Transcripts of the duplication genes 
were spliced only at the proximal copies 
of the duplicated splice sites, suggesting 
that the process of splice site selection 
does include a directional component. 
Furthermore, because transcripts of 
pSVy3' were spliced only at the proxi- 
mal duplicated acceptor splice site, they 
contained an additional 181 bases not 
ordinarily present in G,-globin mRNA. 
These transcripts were equal in abun- 
dance to those of the normal gene, sug- 
gesting that splice site selection is not 
merely a random process with prefer- 
ential survival of normally spliced 
mRNA's. 

As discussed above, a directional 
component to splice site selection does 
not imply that IVS's are excised in a 
defined order from a multi-IVS mRNA 
precursor, and in fact excision of IVS's 
from the mRNA precursors of vitello- 
genin (34) and ovomucoid (35) does not 
appear to occur in an obligatory order. 
Accordingly, we suggest that initial bind- 
ing of the molecule which mediates 
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splice site recognition to the mRNA pre- 
cursor might be internal, followed by 
5 ' 4 3 '  lateral diffusion to the first avail- 

ic transfer RNA precursor (43). A com- 
plete understanding of the process of 
splice site recognition and utilization will 
require the elucidation of the relation- 
ships among these and probably other 
features of the RNA splicing mechanism. 

Note added in proof: In recent experi- 
ments, similar to those reported here, 
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1408 (1972). RNA was isolated 60 hours after 

the available data 
Considerable biological evidence tempting to clarify the basis for this 

tends to support a 5 ' 4 3 '  directional 
component to splice site selection. Two 
different human growth hormone (hGH) 
polypeptides differing in length by 15 
amino acids apparently result from utili- 
zation of two alternative acceptor splice 
sites for IVS-B in hGH RNA (36). Since 
the shorter hGH polypeptide amounts to 
only 10 percent of total hGH ( 3 3 ,  there 

discrepancy. transfection. 
All SV40 nucleotide numbers are given accord- 
ing to A. R. Buchman, L .  Burnett, P. Berg, in 
DNA Tumor Viruses, J. Tooze, Ed.  (Cold 
Spring Harbor Laboratory, Cold Spring Harbor. 
N.Y.. 1981). 
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