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Recent studies using both  biochem ical and 
. genetic approaches have shown that a com 

m on class of RNA-binding proteins is involved 
both  in general splice site selection and in sev
eral examples of alternative pre-mRNA splicing. 
These experim ents suggest that com binations 
o f RNA-binding proteins may interact with pre- 
mRNA, that these interactions may be stabilized 
via protein-protein  interactions, and that this 
array of RNA-protein complexes may either d i
rect or preclude binding of the spliceosomal 
small ribonucleoprotein  particles (snRNPs) to 
the pre-mRNA during the initial phases of 
spliceosome assembly. This article will review 
our current understanding of the role RNA- 
binding proteins play in general and regulated 
pre-mRNA splicing.

The ribonucleoprotein consensus sequence 
(R N P -C S) RNA binding dom ain

A num ber o f RNA-binding proteins, including 
the yeast poly(A) binding protein, m am m alian 
heterogeneous nuclear ribonucleoprotein  p a r
ticle (hnRNP) proteins, and small nuclear rib o 
nucleoprotein  particle (snRNP) proteins, con
tain  an 80-90 amino acid dom ain referred to 
as the RNP-CS motif, which is known to be 
responsible for m ediating RNA binding (for re
views, see Bandziulis et al., 1989; Mattaj, 1989; 
Kenan et al., 1991). This m otif has since been 
found in a large num ber of proteins with d i
verse functions, all o f which are involved in (or

by inference presum ed to be involved in) RNA 
metabolism. Analysis of several members of this 
family, such as the U1 snRNP 70K and A p ro 
teins, has shown that the RNP-CS dom ain is in 
deed sufficient to bind RNA in the absence of 
o ther regions of the molecule (reviewed by 
Kenan et al., 1991).

A series of mutagenesis and RNA-binding ex
periments using the U1 snRNP 70K protein have 
indicated that the RNP-CS dom ain is necessary 
and sufficient for RNA binding to the stem-loop 
I o f U1 snRNA (Query et al., 1989). Similar ex
perim ents with U1 snRNP A and U2 snRNP B" 
proteins have indicated that the RNP-CS do
m ain is responsible for RNA binding (Scherly 
et al., 1989; Scherly et al., 1990; Lutz-Freyermuth 
et al., 1990; Bentley and Keene, 1990). However, 
in o ther instances, such as with the La RNP pro
tein and Ro RNP 60K proteins, additional amino 
acid sequences lying outside the RNP-CS do
m ain are also required  for specific RNA bind
ing (reviewed by Kenan et al., 1991). Presum 
ably, these additional residues m ight aid in the 
folding or stabilization of the RNP-CS dom ain 
w ithin the context o f the full protein, ra ther 
than directly contacting the RNA.

The ability of the isolated 90 amino acid RNP- 
CS dom ain o f the U1 snRNP A protein  to in ter
act specifically with stem-loop II o f U1 snRNA 
(Scherly et al., 1989; Lutz-Freyermuth et al., 1990) 
has allowed a detailed structural analysis of this 
peptide both  by X-ray crystallography (Nagai 
et al., 1990) and nuclear m agnetic resonance
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(NMR) methods (Hoffman et al., 1991). Although 
the structures determ ined by the two m ethods 
differ in detail, the overall secondary structural 
motifs are identical, consisting of a four-stranded 
antiparallel p sheet with two a  helices behind 
the sheet. The m ost highly conserved regions 
w ithin the RNP-CS dom ain are designated 
RNP-1 (K/R G F/Y G/A F V X F) and RNP-2 (L/I 
F/Y V/I G/K NIG). The RNP-1 and RNP-2 motifs 
contain  hydrophobic am ino acids that are 
b rought together in the two central strands of 
the p sheet. It is presum ed that the RNA lies 
across the P sheet based on a variety of m uta
genesis and RNA-binding experim ents (Nagai 
et al., 1990; Jessen et al., 1991), and on the fact 
that two arom atic am ino acid residues in RNP- 
1 and RNP-2 can be covalently crosslinked to 
RNA. Amino acids outside the p sheet are also 
involved in RNA binding because a num ber of 
basic am ino acids, including a conserved argi
nine residue that is essential for RNA binding, 
are located in loops adjacent to the surface of 
the P sheet.

Splice site selection

O ne of the m ost im portan t questions in the 
study of pre-mRNA splicing is how 5' and 3' 
splice sites are recognized, chosen, and paired 
accurately to allow catalysis o f in tron removal 
and the generation of m ature functional mRNA. 
A num ber of studies have shown that exon se
quences, as well as the sequences and locations 
of the 5' and 3' splice sites in a given pre-mRNA, 
can influence splice site choice (for reviews, see 
Sharp, 1987; Andreadis et al., 1987; K rainer and 
Maniatis, 1988; Sm ith et al., 1989a). Recent b io
chemical studies reveal that RNA-binding p ro 
teins can influence splice site selection, are re 
quired for splicing, and interact intimately with 
the pre-mRNA to participate in spliceosome 
assembly (Zamore and Green, 1989; Garcia- 
Bianco et al., 1989; Fu and Maniatis, 1990; Ge 
and Manley, 1990; Krainer et al., 1990). It is likely 
that many different RNA-binding proteins in ter
act with the pre-mRNA to dictate and facili
tate splice site recognition and spliceosome 
assembly.

Studies in yeast and m am m alian cells have 
indicated that both  the intron 5' splice site and 
branchpoint-polypyrim idine tract are involved 
in the form ation of ribonucleoprotein  com 
plexes early in spliceosome assembly, and that

these complexes play a role in splice site usage 
(for reviews, see Sharp, 1987; Guthrie, 1991; Ruby 
and Abelson, 1991; Rosbash and Seraphin, 1991). 
For example, a num ber of studies have shown 
that stable ATP-independent complexes form 
on the pre-mRNA 5' splice site during the ini
tial stages o f spliceosome assembly and 5' splice 
site recognition. Furthermore, it has been shown 
that jux taposition  of com peting 5' splice sites 
can influence 5' splice site selection (Nelson and 
Green, 1988 and 1990). Many studies have shown 
that the 3' splice site region can influence 
spliceosome assembly and the efficiency of splic
ing (Reed, 1989; Sm ith et al., 1989b; Goguel et 
al., 1991; Patterson and Guthrie, 1991). F u rth er
more, the “quality” of the intron polypyrim i
dine tract (i.e., its length and pyrim idine con
tent) and its distance from  the branchpoint 
sequence can affect the choice of 3' splice sites 
(Reed, 1989; Sm ith et al., 1989b; Garcia-Bianco, 
1989; Patterson and G uthrie, 1991; Mullen et 
al., 1991).

Proteins that recognize the intron polypyrimi
dine tract near the 3' splice site also contain 
the RNP-CS dom ain. U2 snRNP auxilliary fac
tor (U2AF), the splicing factor required  in vitro 
for stable U2 snRNP binding to the intron 
branchpoint (Ruskin et al., 1988), was recently 
purified to hom ogeneity and found to consist 
o f two subunits o f 65kD and 35kD m olecular 
weight (Zamore and Green, 1989). Recent bio
chemical (Zamore and Green, 1991) and gene 
cloning (M. Green, personal com m unication) 
experim ents have indicated that the 65kD sub
un it is sufficient for all o f the biochem ical ac
tivities of authentic native U2AF, including bind
ing to the intron polypyrim idine tract and 
facilitation of U2 snRNP binding to the intron 
branchpoint. This subunit contains three RNP 
domains and an R/S dom ain (M. Green, personal 
communication). The presence in spliceosomes 
of a second polypyrim idine tract binding p ro 
tein, pPTB, suggests that this RNA-binding p ro 
tein is also involved in splicing (Garcia-Bianco 
et al., 1989). The gene encoding pPTB has been 
cloned, and the sequence revealed the presence 
of an RNP dom ain and homology to hnRNP 
L and to the Drosophila elav RNP-CS-containing 
gene (Gil et al., 1991; Patterson et al., 1991).

A general m am m alian splicing factor, SF-2/ 
ASF, was recently identified biochem ically by 
its ability to com plem ent a cytoplasmic extract 
for splicing and to shift 5' splice site usage from
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a distal to a proxim al site (Ge and Manley, 
1990; K rainer et al., 1990a,b). Highly purified 
SF-2/ASF has been shown to possess an in trin 
sic RNA-binding activity, as well as the ability 
to anneal com plem entary single-stranded RNA 
in a sequence-independent m anner (Krainer et 
al., 1990a). The gene encoding SF-2/ASF was iso
lated using microprotein sequence inform ation, 
and the recom binant protein  was shown to pos
sess all o f the properties of the m am m alian fac
tor (Krainer et al., 1991; Ge et al., 1991). Analy
sis o f the gene sequence revealed that the protein 
contained an RNP dom ain and an arginine- 
serine rich (R/S) dom ain, both  of which have 
been found in D rosophila splicing regulatory 
proteins (see below) and in the U1 snRNP 70K 
protein  (Query et al., 1989). A nother m am m a
lian splicing factor was identified by using m ono
clonal antibodies raised to purified spliceo- 
somes (Fu and Maniatis, 1990; Spector et al., 
1991). This factor, called SC-35, is sim ilar in 
m olecular weight to SF2/ASF and also possesses 
RNP and R/S dom ains (T. Maniatis, personal 
com m unication). Both SF2/ASF and SC-35 are 
required  for the earliest steps in splicing com 
plex assembly. Thus, a num ber of RNA-binding 
proteins involved in splicing contain the RNP- 
CS dom ain and bind RNA; and at least one, SF- 
2/ASF, has the interesting property  of altering 
splice site utilization in vitro. This observation 
raises the possibility that variations in the lev
els or activities of general splicing factors fol
lowing a tissue-specific or developm ental p ro 
gram may contribute to differential splice site 
selection.

Alternative pre-m RNA splicing

In Drosophila, genetic analysis has identified 
a num ber of loci capable of altering splicing 
patterns of a variety of genes. For example, con
trol o f somatic sexual differentiation depends 
on a cascade of alternative splicing events (for 
review, see Baker, 1989). A num ber of gene prod
ucts involved in these splicing decisions have 
been identified and shown to contain RNP-CS 
domains and/or R/S domains similar to the m am
m alian splicing regulators described above 
(Amrein et al., 1990; Goralski et al., 1989; Bell 
et al., 1988; Boggs et al., 1987; Chou et al., 1987). 
Clearly, a com m on them e in the control of both 
splice site choice and alternative splicing reac
tions is the involvement of RNA-binding proteins

carrying the RNP-CS m otif and/or the arginine- 
serine rich (R/S) dom ain.

T hree examples of negative control o f splice 
site choice have been described in Drosophila. 
The Sex-lethal (Sxl) protein, which contains two 
RNP-CS motifs (Bell et al., 1988), appears to re
press the use of a male-specific 3' splice site in 
the Sxl gene itself in an autoregulatory m ode 
(Bell et al., 1991) and also acts to repress the 
use of a non-sex specific 3' splice site in the trans
former (tra) gene, a gene downstream in the p a th 
way o f sexual differentiation (Sosnowski et al.,
1989) . Both m olecular genetic and biochem i
cal experim ents indicate that Sxl acts by b ind
ing to the polypyrim idine tracts of the introns 
it controls (Sosnowski et al., 1989; Inoue et al.,
1990) . Another example of negative splicing con
trol is the germline-specific splicing of the P 
transposable elem ent th ird  intron (IVS3; for re 
views, see Rio, 1990 and 1991). Genetic and bio
chemical experim ents have indicated that at 
least one aspect o f this control is repression of 
this splicing event in somatic cells, resulting in 
the retention  o f the th ird  intron in the m ature 
somatic mRNA (Laski and Rubin, 1989; Chain 
et al., 1991; Tseng et al., 1991; Siebel and Rio, 
1990). C om petition between the accurate 5' 
splice site and pseudo-5' splice sites in the ad
jacen t 5' exon seems to play a role in somatic 
inhibition  o f IVS3 splicing (Siebel and Rio, 
1990). Mutations in the 5' exon that disrupt these 
5' splice site-like sequences activate th ird  intron 
splicing in vivo in somatic cells o f transgenic 
D rosophila (Chain et al., 1991) and in somatic 
cell extracts in vitro (Siebel and Rio, 1990; Tseng 
et al., 1991). An excess of this inhibitory exon 
RNA sequence relieves the inhibitory effect ob
served with D rosophila somatic cell nuclear ex
tracts in vitro (Siebel and Rio, 1990; Tseng et 
al., 1991), suggesting that this exon RNA frag
m ent titrates inhibitory factors away from the 
pre-mRNA. Furtherm ore, the inhibitory activ
ity correlates with the binding of several so
matic D rosophila RNA-binding proteins to the 
inhibitory RNA target site in the 5' exon (Sie
bel and Rio, 1990; Chain et al., 1991). These RNA- 
binding proteins appear to act by influencing 
U1 snRNP binding in vitro (Siebel et al., p e r
sonal com m unication). The fu rther characteri
zation and identification o f these RNA-binding 
proteins should help to determ ine their tissue 
d istribu tion  and reveal which ones m ight be 
responsible for the different splicing patterns
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of this intron in the germline and soma. A th ird  
example of negative splicing control in Drosoph
ila involves the suppressor-of-white-apricot (suwa) 
gene. The suwa protein, which contains an R/S 
dom ain but no RNP-CS motif, autoregulates the 
splicing of the suwa pre-mRNA to prevent syn
thesis of the protein  by blocking removal of one 
of the suwa introns (Chou et al., 1987). Thus, 
several examples of splicing control in D rosoph
ila involve the repression of splice site use in 
alternative splicing decisions.

O ne example of positive control of pre- 
mRNA splicing in D rosophila has been de
scribed. Genetic experim ents have shown that 
the female-specific 3' splice site of the double-sex 
(dsx) gene, another in the sex-determ ination 
pathway, is activated by the products of the trans

former (tra) and transformer-2 (tra-2) genes (Burtis 
and Baker, 1989). It is the female product of 
the dsx gene that is responsible for directing 
fu rth er female development (Nagoshi et al., 
1988). Sequencing of the tra and tra-2 genes has 
revealed that the tra protein  possesses an R/S 
dom ain (Boggs et al., 1987), and that the tra-2 
p ro tein  has RNP-CS and R/S dom ains (Amrein 
et al., 1988; Goralski et al., 1989). A tra-2 p ro d 
uct can also act to autoregulate splicing of the 
tra-2 gene itself, and it is clear that the tra-2 p ri
mary transcrip t is subject to alternative RNA 
splicing in a tissue-specific m anner (Amrein et 
al., 1990; Mattox et al., 1990; Mattox et al., 1991). 
Genetic experim ents in Drosophila have iden
tified a region near the dsx female 3' splice site 
as the target o f tra and tra-2 action (Nagoshi 
and Baker, 1990). A series of tissue culture trans
fection experim ents have indicated that the tral 
tra-2 products activate the female dsx 3' splice 
site by interacting with the regulatory site in 
the downstream 3' exon consisting of six repeats 
of a thirteen nucleotide sequence. These repeats 
are necessary for positive regulation (Hedley 
and Maniatis, 1991; Hoshijima et al., 1991; Ryner 
and Baker, 1991) and interact directly with tra-2 
p ro tein  in vitro (Hedley and Maniatis, 1991). 
Tra and tra-2 also activate female-specific poly- 
adenylation in the absence of the regulated 3' 
splice site (Hedley and Maniatis, 1991). It is pos
sible that traltra-2 activate the dsx female-specific 
3' splice site by stabilizing an otherwise weak 
interaction between U2AF and the ra ther poor 
polypyrim idine tract o f the dsx female-specific 
intron. Alternatively, tra and tra-2 may simply 
alter the conform ation of the dsx pre-mRNA

to improve its recognition as a substrate for splic
ing in females. Both of these ideas are consistent 
with an early role for these regulatory proteins 
in intron recognition, splice site selection, and 
spliceosome assembly, and with mammalian bio
chemical studies of the early steps of spliceo
some assembly.

Perspective

O ne com m on them e em erging from  studies on 
basic splicing factors in m am m alian cells and 
both  genetic and biochemical studies on D ro
sophila is that many of the protein  factors in 
volved in splicing contain RNA-binding domains 
of the RNP-CS type and interact with the pre- 
mRNA early in the pathway of spliceosome as
sembly. A num ber of proteins involved in both 
general and regulated splicing also carry an 
arginine-serine rich (R/S) domain. D eterm ining 
the role of this dom ain in splicing and the ta r
gets (protein and/or RNA) with which it in ter
acts should shed light on basic mechanisms of 
splicing and its control. So little is known about 
how these RNA-binding proteins interact with 
the pre-mRNA substrate, and how these in ter
actions facilitate splice site recognition, selec
tion, and the early steps in spliceosome assem
bly, that im portan t and fundam ental insights 
are certain to emerge by using molecules already 
available as probes. Finally, as m ore insight is 
gained into how RNA-binding proteins of the 
RNP-CS family recognize their target RNAs, it 
should be possible to engineer and design RNA- 
binding and splicing factors of predeterm ined 
specificities and thereby alter patterns of splice 
site selection in predictable ways.
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