
Control of Alternative Splicing by the 
Differential Binding of U1 Small Nuclear 

~ibonucleoprotein Particle 

Cellular factors controlling alternative splicing of precur- 
sor messenger RNA are largely unknown, even though 
this process plays a central role in specifying the diversity 
of proteins in the eukaryotic cell. For the identification of 
such factors, a segment of the rat preprotachykinin gene 
was used in which differential expression of neuropep- 
tides y and K is dependent on alternative splicing of the 
fourth exon (E4). Sequence variants of the three-exon 
segment, (E3-E4-E5) were created, resulting in a sensitive 
assay for factors mediating the splicing switch between 
E4-skipping and E4-inclusion. A dinucleotide mutation 
in the 5' splice site of E4 that increases base-pairing of this 
site to U1 small nuclear RNA resulted in uniform selec- 
tion of E4, whereas a control mutation that destroyed 
base-pairing resulted in uniform E4-skipping. &ty 
selection of spliceosomes formed on these functionally 
distinct substrates revealed that the extreme difference in 
splicing was mediated by differential binding of the U1 
small nuclear ribonucleoprotein particle (snRNP) to the 
5' splice site of E4. These data show that, apart from its 
established role in selecting 5' splice sites, U1 snRNP 
plays a fundamental role in 3' exon selection and provides 
insight into possible mechanisms of alternative splicing. 

A LTERNATIVE SPLICING OF PRECURSOR MESSENGER RNA 
(pre-mRNA) is a naturally occurring in vivo mechanism for 
generating protein diversity and affecting gene control. Yet 

little is known about how the splicing machinery discriminates 
between alternative splice sites and normal sites that are used 
uniformly (1). In the basic splicing process, noncoding, intervening 
sequences (TVSYs) are removed and exons are joined by two cleav- 
age-ligation events. Essential to this process is the precise recogni- 
tion of 5' and 3' splice sites, which occurs by assembly of a 
spliceosome complex involving interactions between the p r e - & N ~  
and the small nuclear ribonucleoprotein particles (snRNP's) Ul ,  
U2, U5, and the particle containing both U4 and U6 small nuclear 
RNA's (2-4, as well as, other factors, (9). Because the spliceosome 
is the structure that specifies the splice sites to be joined, it is 
important to determine the role of the spliceosome in specifying 
alternative splicing mechanisms. 

From biochemical and genetic studies in the selection of splice 
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sites in eukaryotic pre-mRNA's (lo), we now know that recognition 
of 5' splice sites occurs by the binding of U l  snRNP as a result of 
direct base-pairing between nucleotides of the 5' splice site and the 
5' end of U l  RNA (1 1-14). Recognition of 3' splice sites appears to 
be more complex since binding of the protein U2AF (U2 auxiliary 
factor) to the polypyrimidine tract is a prerequisite for efficient 
binding of U2 snRNP at the branch site (15). Other proteins that 
bind 3' splice site regions have been characterized in somewhat less 
detail and appear also to be important in recognition of that site 
(16). Subsequent to the binding of U2 snRNP, the complex 
containing U4, U5, and U6 RNA's binds to complete the assembly 
of the spliceosome (7). 

Factors that influence selection of alternative splice sites include 
the strength of competing 5' splice sites (17), unusually positioned 
or multiple branch sites (18), polypyrimidine tract sequences (19), 
and other sequences within exons and introns (20). We have now 
used site-directed mutagenesis to examine the role of the down- - 
stream 5' splice site in governing exon selection. Affinity chroma- 
tography of splicing complexes demonstrates that the ubiquitous U l  
snRNP can modulate alternative splicing because of its fundamental 
influence on 3' exon selection. 

Sequence elements controlling exon selection. To elucidate the 
biochemistry of factors controlling alternative splicing, we studied 
three-exon substrates derived from the rat preprotachykinin gene. 
This gene encodes substance P and related tachykinin peptides by 
alternative splicing of a common pre-mRNA (21). Of the three 
mRNA's produced from this gene, the most abundant, y mRNA, is 
specified by alternative splicing, which joins exons 1,2,3,5,6,  and 
7, but removes exon 4 (E4) with its flanking introns, rVS3 and 
rVS4. Previously, we demonstrated that this isan interesting model 
system since selection of the optional exon, E4, is dependent on a 
downstream 5' splice site (22). A particularly striking enhancement 
of E4 selection resulted from a dinucleotide mutation in the 5' splice 
site of E4 that increased base complementarity to U l  RNA in a 
two-exon substrate containing E3 and E4. 

We have pursued the question of how the dinucleotide mutation 
in the 5' splice site of E4--(AUG:GUAAAC to AUG:GUAAm; 
the colon indicates the exon-intron junction)-affects alternative 
splicing by constructing a three-exon substrate with the dinucleotide 
change (Fig. lA, bottom). This structural variant, RP57, in which 
base complementarity to U1 RNA has been improved, results in the 
uniform selection of E4 (Fig. lA, RP57). In contrast, the control 
variant RP58, in which this c&nplementarity has been destroyed by a 
three-nucleotide mutation, (AUG: GUAAAC to A U G : m C ) ,  
results in uniform E4-skipping (Fig. lA, RP58). Analysis of the h a l  
products of reactions of Fig. lA, which are more clearly resolved in 
less porous gels confirmed that the RP57 substrate produced only 
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streptavidin under high salt conditions, for example, 0.3 A4 KCI. 
This analysis s h o d  an enrichment of U l  snRNP in the spliceo- 
somes formed on the RP57 substrate, which udbrmly selects E4, 
whereas only a background amount of U l  snRNP was demtcd for 
the RP58 substrate, which uniformly excludes E4 (Fig. 3, A and B, 
lanes 2 to 4). The other snRNP's, U2, U5, and the partide 
containing U4 and U6 snRNAys were present at similar kvcls in the 
RP57 and RP58 spliceosomes (25). Both end-labeling and North- 
ern blot analysis indicated that U1 snRNP was present at essentially 
stoichiometric levels compared to U2 snRNP in the RP57 splicco- 
some (Fig. 3A, lane 2) (26). M t y  selection of the slower 
scdimenting RNP region (Fig. 3C), which contains the praplicing 
complex, shows that, while both substrates con& U2 snRNP, only 
substrate RP57 contains mbly bound U1 snRNP (Fig. 3, A and B, 

lanes 5 to 7). 
The d&rcntial U1 snRNP binding for the 5' splice site variants, 

RP57 and RP58, s h m  by aikity selection (Fig. 3, A and B), is 
due to the unusually stabk b i i  of U l  snRNP to the 5' splice site 
of E4 in substrate RP57 and not to the additional 5' splice sits of 
E3 and E5 present in the same substram. Most compelling is the 
argument that substrate RP58 shows only a background level of U l  
snRNP binding at 0.3 M KC1 but is identical in structure to RP57, 
except for the nudcotide changes in the 5' splice site of E4, which 
render this site nonfunctional. This observed difkrcnce in U1 
snRNP b i  is condition&pe!ndent and is most likely explained 
by the release of U l  snRNP from the flankiog 5' splice sites of E3 
and E5 at monovalent salt concentrations greater than or aqual to 
0.3 M (27). We attribute the unusually stable binding of U l  
snRNP. in the case of substrate RP57. to the dinudcotide mutation 
which krcascs the number of cont&uous base pairs that can be 
formed with U1 snRNA from five to nine (Fig. 5). In comparison, 
the 5' splice sits of E3 and E5 can form only six contiguous base 
pairs with U1 RNA. In M e r  support for the idea of difkmntial 
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binding at high salt, m t y  selection of splicing complexes formed 
on the RP91 substrate (which can form six contiguous base pairs 
with U l  RNA) shows no stable U1 snRNP binding at 20.3 M KC1 
(26). 

Difkmtial binding of U1 and U2 snRNP"s to twwxon 
variants. To test the hypothesis that U1 snRNP binding was 
fundamentally involved in the mechanism of 3' exon selection, we 
used two-exon substrates containing E3 and E4, but not E5. A 
convenient Bgl 11 restriction enzyme site located 74 nudeotides 
downswam of E4 was used to prepare twwxon substrates con- 
taining one 3' splice site fiom the RP57 and RP58 sequence variants 
(Fig. 4%). The substrate, RP57 Bgl 11, showed strong splicing 
activity, whereas the substrate, RP58 Bgl 11, was entirely defective in 
splicing (28). 

In that substrate RP58 Bgl 11 was defective in splicing, it was 
necessary to determine at which stage the process of splicing was 
blocked as a result of the defect in the 5' splice site of the 3' exon, 
E4. The biding ofU2 snRNP was assessed because its recognition 
of the branch site of the pre-mRNA is an early and essential step in 
spliceowme assembly (29). Under conditions that maximind early 
splicing complex formation, two major peaks were resolved on 
sucrose gradients for these substrates (24). &ty selection of the 
presplicing (U2-snRNP-containing) complex, demonstrated that 
U2 as well as U1 snRNP was associated with the (active) RP57 Bgl 
11 substrate, whereas neither snRNP was associated with the 
(defective) RP58 Bgl 11 substrate (Fig. 4A, lanes 2 to 4). In 
addition, U1 snRNP was substantially enriched in the slower 
sedimenting, nonspecific "RNP" region for the RP57 Bgl 11 sub- 
strate, but not for the analogous complex containing RP58 Bgl 11 
(Fig. 4 4  lanes 5 to 7). Analysis of the RNA species across the 
gradients from another experiment continned that spliceommes 
were formed for the active but not for the defective substrate (Fig. 
4, B and C, lanes 4 and 6). 

Taken together, the lack of both presplicing complex formation 
(U2 snRNP biding) and spliccosome formation for the two-exon 
substrate RP58 is associated with the absence of a functional 5' 
splice site adjacent to the 3' terminal exon, E4. This indicates that 
the lack of biding of U1 snRNP adjacent to E4 blocks,spliceosome 

NO-exon substrates 
RNP complex 

IVSE4 - 
IVS - 

assembly at an early stage, at least prior to the binding of U2 
snRNP. 

Exon selection is finely tuned to the differential binding of Ul 
snRNP. Multiple mechanisms must exist to account for the consid- 
erable variety of alternative splicing pathways that have so far been 
documented. Here we have used a simple model system derived 
from the preprotachykinin gene to show that the mechanism 
responsible for exon-skipping is sensitive to the binding of U1 
snRNP to the 5' splice site of the internal exon. 

The novel finding that stems directly from our work is that 
increased U1 snRNP binding adjacent to an internal aron stimulates 
the rate of splicing of not only the intron in which it is bound but 
also the intron immediately upstream. The rate stimulation for the 
upstream intron, IVS3, is informative and surprising (substrate 
RP57, Fig. 1 and 2). The strength of these findings rests in showing 
that the extreme difference in splicing is direaly associated with the 
differential binding of U l  snRNP. Resident binding of U l  snRNP 
is retained at high salt (0.3 M KCI) in the spliceasome and 
presplicing complex for the substrate that uniformly selects E4, but 
not for the substrate that uniformly skips E4 (Fig 3). Under these 
conditions U1 snRNP is normally released from functional 5' splice 
sites (5, 30), and only exceptionally stable U1 binding interactions 
survive (substrate RP57, Fig. 5). These extreme dFects underscore 
the importance of U1 snRNP in governing exon selection. and the 
potency with which U1 determines the resulting pathway of splic- 
ing. 

Our data support the exon definition model of Berget and 
co-workers (31, 32) whereby exons are recognized as individual 
units by the interaction of factors bound simultaneously at the 5' 
and 3' splice site of a single exon. This model addresses &e question 
of how, for genes containing multiple exons, the splicing machinery 
operates so that exons are not inadvertently skipped. The model also 
addresses the auestion of what mechanisms direct the elimination of 
specific exons ;hen genes are alternatively spliced. Our experiments, 
with three-exon substrates, show that the degree to which an 
internal exon is recognized by the splicing machinery is finely tuned 
to the binding interaction between U1 snRNP and the 5' splice site 
of the same exon. For E4, nucleotide changes in its 5' splice site 

I 
Fig. 4. Afmity sclcction of complexes fimncd on two- 
exon substrates. Two-cxon sequence variants, 700 nude- 
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otides. were p d  from B d  II-cIeaved DNA's. (A) 
sPlic&g rca&o& 45 minut&, containing biotin &d 

P-labeled RP57 Bgl II (RP57) and RP58 Bgl II 
(RP58) substrates, or no substrate (control), wcre sedi- 
m e n d  on 10 to 20 percent sucrose gradients as dc- 
scribed above (41) exccpt that the salt concentration was 
substantidy Iowa (25 mM KC4 1 mM MgCI,). Two 
fractions wcre affinity-selected as in Fig. 3A from each 
re& (U2 complex and RNP). Small nuclear RNA's were 
&d as & Fig. 3 k  (B and C) Profile of RNA a products and intermediates purified from gradients con- . . . . . taininer RP57 B d  II (B) or RP58 B d  II (C) substrates. 

t u  I L  4 10 to L U  
RN~"spesies &i!i& 'from even--b&d fractions 
were &lved on 7 pemnt polyaaylamidc-7M urea 
gels. (S), spliceosomc region; (U2), region containing 
pre-splicing complex; (RNP), ATP-independent com- 
plex containing substrate RNA associated with ribonu- 
cleoproteins. (IVSFA), intermediate RNA containing 
the lariat IVS3 linked to the 3' exon, E4; (IVS), IVS3 
RNA product. 
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show that E4-inclusion can be effectively titrated from 0 to 100 
percent by increasing the number of contiguous base pairs that can 
be formed with U1 RNA (Fig. 5). In support for the generality of 
these findings, analysis of nucleotide changes in the 5' splice site of 
the adjacent exon (E5) show that, like E4, selection of this exon is 
dependent on its adjacent U1 snRNP binding site (23). 

Alternative splicing must operate by a combination of cis-acting 
signals in the pre-mRNA and cellular factors that recognize these 
signals. Thus, as a basis for understanding the various alternative 
splicing mechanisms, it is important to eluiidate the role of ubiqui- 
tous factors, such as snRNP's, as well as factors that are cell type 
specific that may regulate snRNP function. Questions about the role 
i f  such cell typk specific factors must await the outcome of studies in 
systems subject to biological regulation. 

One question raised by our work is how resident binding of U1 
snRNP modulates the rate of splicing of the upstream intron. Clues 
to this puzzle are apparent from experiments demonstrating that U2 
complex formation at a given 3' splice site either requires (our data) 
or is stimulated by (31) U l  snRNP binding at the immediate 
downstream 5' splice site. A simple mechanism could be explained 
by the interaction of one of the U1-specific proteins, 70K, U1-A, or 
U1-C, with one of the protein components of U2 snRNP resulting 
in the stable binding of U2 snRNP. One of these proteins, the 70K 
protein, has a highly charged carboxyl-terminal domain which may 
perhaps behave as a surface for some interaction with another 
protein (33). Alternatively, U1 snRNP may interact directly with 
the 3' splice site region through a protein-RNA interaction. The 
70K and U1-A proteins have RNA binding domains that, in 

Base pairs % 
Contiauous Znt;r! 91t S~liceosome 

RP57 €4 AUG:S; M 4 9 9 0 100  -b UZ+U4,U5,U6 + U1 
U l  GUC C!bb%flA 

RP91 E4 AU9:FUM CAU 6 8 40 60 
ul Guc  CASI@A~A 

RP91A €4 &A:giMfCAf 5 9 80 20 
U l  GUC bb ~b 

RP92 €4 A U Q . f l w i e i  5 8 80 20 
U1 GUC UUC U 

RP23 (wt) E4 AUQGY@AACAQ 5 7 80 20 
ui  GUC CAU?JCA~A 

RP58 €4 A U Q . L & U C &  2 5 100 0 +UZ+U4,U5,U6 
U1 GUC CAUUCAUA 

Consensus NAGGURAGU 819 819 
GUC CAUUCA 

Fig. 5. Summary of results. (Top) Schematic of three-exon sequence variant, 
RP57, with U1 snRNP shown base-paired to the 5' splice site of E4. 
(Bottom) Potential base pairs formed between each 5' splice site variant and 
the 5' end of U l  RNA (filled circles). Colon indicates exon-intron junction. 
Overall effect of mutations (underlined) on alternative, (%Alt, E4-skipped), 
or constitutive, (%Const, E4-included), splicing. These percentages having 
an associated error of 12 percent were obtained by densitometric scanning of 
the autoradiograms shown in Fig. 1. (Arrows) Spliceosome components 
detected by m t y  chromatography at 0.3 M KC1 with the use of three-exon 
substrates. 

principle, could enable either of these proteins to serve as a bridge to 
COMeCt U1 s n m P  and the pre-mRNA 3' splice site region (33). 
More complicated models than these can also be envisioned involv- 
ing interactions with other factors. 

Regardless of the details of the mechanism for U1 snRNP action, 
our concept about spliceosome assembly has changed. Our data 
strongly suggest that, in addition to U1 snRNP binding at the 
(upstream) 5' splice site of E3, a second U1 snRNP must interact at 
the (downstream) 5' splice site of E4 in order for spliceosome 
assembly to occur. We propose that two such distal U1 snRNP-5' 
splice site interactions define the boundaries of a fhctional splicing 
unit and that these interactions are fundamental in determining 
whether a pre-mRNA will be constitutively or alternatively spliced. 

As our data show, mutations in 5' splice sites of unrelated genes 
are known to cause exon-skipping when these mutations decrease 
base complementarity to U l  RNA. Mutations of this type in 5' 
splice sites of the human collagen gene have been shown to cause 
exon-skipping and lead to a defective collagen protein product (34). 
A mutation in the human P-globin gene provides an example of the 
opposite effect. A single base change within N S 2  of this gene has 
been shown to produce a prominent P-globin RNA product with an 
additional exon (35). In this case, a C to G change generates a 
cryptic 5' splice site which has the potential to form six contiguous 
base pairs with U1 RNA. Just upstream of this cryptic site in the 
same intron is a 9-nucleotide polypyrimidine stretch followed by an 
AG dinucleotide that is utilized as a 3' s~lice site as a direct result of 
this mutation. Without the mutation this 3' splice site-like sequence 
is silent. These data and our own lend support for the hypothesis 
that new exons might arise from intron sequences by a single 
mutational event that generates a sequence thatstably interacts with 
U1 snRNP (36). 
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"Here  it is in Genesis: ' H e  took one of Adam's ribs, and made the rib into a woman.' 
Cloning, $1 ever heard it. " 
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