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ABSrRACT The most abundant of the stable small nuclear
RNAs of eukaryotic cells, U-1 small nuclear RNA, is exactly
complementary to the consensus sequences at RNA splice sites.
We propose that this RNA is the recognition component of the
nuclear RNA splicing enzyme and forms base pairs with both
ends of an intron so as to align them for cutting and splicing.

Intramolecular RNA splicing, first discovered for the adeno-
virus-specific RNA (1-3), occurs in the expression of numerous
eukaryotic genes (4). At present there are three known classes
of DNA sequences at splice sites, found in genes for a chloroplast
tRNA (5), yeast tRNAs (6), and vertebrate mRNAs (7-9). Each
class has distinctive sequence characteristics. For the splice sites
of vertebrate genes, comparisons of a limited set of sequences
(7, 8) showed that introns were flanked in every case by 5'-/
G-T-(intron)-A-G/-3'. Subsequent sequences have borne
this out (9) and have shown that the 5' ("upstream") and 3'
("downstream") ends of introns have approximately the fol-
lowing consensus or "optimal" sequences:

5'-(exon)-A-G/G-T-A-A-G-T-A-(intron)
-T-T-T-T-Y-T-T-T-T-T-T-C-T-T-N-C-A-G/G-(exon)-3'.
The upstream and downstream splice sites in nuclear RNA

molecules presumably must be brought together for RNA
splicing to occur. This could be achieved by intramolecular base
pairing, but no appropriate complementary structures have
been found reproducibly in the vicinity of splice sites (10). We
propose an alternative mechanism in which upstream and
downstream splicing sites form base pairs with another RNA
molecule which could be a structural component of the splicing
enzyme(s). There may be an example comparable to this pro-
posed splicing system in RNase P of Escherichia coli, which is
a site-specific RNase with an essential RNA component (I1).

THE MODEL
We considered that such an effector RNA might be found
among the discrete; stable, small nuclear RNAs (snRNAs) that
are ubiquitous in eukaryotic cells (12). Sequences have been
reported for several of these (13-17). When we compared the
sequence of U-i snRNA from rat hepatoma (13) with sequences
of the optimal splice site (Fig. 1), we discovered that the first
10 nucleotides after the U-1 RNA cap are perfectly comple-
mentary to the 9 nucleotides of the optimal upstream site and
to the tetranucleotide C-A-G/G from the optimal downstream
site. The next 11 nucleotides of U-I are purine-rich and can be
aligned with the pyrimidine-rich segment of the downstream
site. This striking complementarity with splicing sites is not
found in any of the other snRNAs now sequenced, which are
U-2 (14), 4.5S (15), and adenovirus VA-I RNAs (16, 17). We
therefore propose that U-1 snRNA in the RNA splicing complex

forms base pairs with both ends of an intron in a large nuclear
RNA molecule as shown in Fig. 2, bringing them into exact
register for RNA cutting and splicing.
A number of properties of U-1 snRNA [also called SnD (12)]

are consistent with its being a component-of the RNA splicing
complex. It is present in large ribonucleoprotein particles that
are loosely associated with euchromatin (29, 30). U-1 RNA and
heterogeneous nuclear RNA (hnRNA) can be co-isolated from
these complexes and are dissociated by 70% formamide, which
suggests that U-1 RNA is bound to hnRNA by short regions of
base pairing (31). U-1 is the most abundant snRNA found in
cells whose mRNAs are generated by RNA splicing, including
human, mouse, chicken (12, 32), and rat (33) cells. Similar
snRNA species also occur in Xenopus (34), sea urchin (35), and
amoeba (36). U-1 exists in ;u106 copies per cell and is as stable
as ribosomal RNA (12, 37, 38). Its overall abundance is the same
regardless of the transcriptional activity of the cell type (30).
We have fitted all reported sequences of splice sites to the 5'

sequence of the rat U-1 snRNA. At the upstream site, all of the
sequences can form at least four base pairs (including some G-U
pairs) between U-1 and the beginning of the intron, and at least
six such base pairs if the last two nucleotides of the exon are also.
included. At the downstream site, all the sequences include at
least C-A-G/, U-A-G/, or A-G/G, to form base pairs with C-
C-U-G in the U-1 RNA. The U-rich, pyrimidine stretch pre-
ceding the downstream splice point may also form base pairs
with U-1 RNA (e.g., insulin II in Fig. 3), although in most cases
an optimal alignment requires looping-out of up to three nu-
cleotides of either the large nuclear RNA or U-1 RNA. [That
such looping-out may occur is suggested by the fact that no base
is preferred in the fourth position before the splice point (Fig.
1).] Even where the fit of the pyrimidine-rich sequence is poor
(e.g., simian virus 40, Fig. 3), there are still three or four con-
tiguous bases pairing with the U-1 sequence C-C-U-G at the
downstream splice site. Even a three-base-pair fit should be
sufficient to provide precise alignment of the hnRNA, because
it is in the codon-anticodon and Shine-Dalgarno (39-41) in-
teractions of mRNA.
There is always at least one nucleotide of terminal redun-

dancy at the ends of an intron, and the alignments illustrated
would permit this to contribute to the interaction with U-1
snRNA. That this can happen is suggested by the finding (9)
that when an upstream site differs greatly from the optimal
sequence /G-T-A-A-G-T ... in the intron portion it is more
likely to conform to ... A-G/ in the adjacent exon sequence.
The terminal redundancy could be used in either of two ways.
In the first, branch migration with respect to the standard model
of Fig. 2 could allow upstream exon sequences to displace
downstream intron sequences from the duplex, or vice versa.
Then, the ambiguity in defining the exact splice point from the
nucleotide sequence might be carried over into a heterogeneity

Abbreviations: hnRNA, heterogeneous nuclear RNA; snRNA, small
nuclear RNA.
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FIG. 1. Consensus or "optimal" upstream (Top) and downstream (Bottom) splice site sequences, from DNA. These were derived from the
data of ref. 9 plus the following extra sequences: human Hb f3, y, and 6 (18, 19), rat insulin (20), human growth hormone (21), mouse Ig K (22-24),
and y2b (25). For intron B of mouse Ig -yl, the sequence from a germ-line clone (26) was used in place of that from the myeloma clone previously
reported (27). The latter yl gene appears to have suffered a deletion of the first three nucleotides of the intron. Each simian virus 40 and BKV
(a human papovavirus) site was entered only once, although they are used in more than one combination in vivo. Only one entry was made for
each of the following groups: simian virus 40 A4 downstream sites (including deletion variants); the five Ig K J-region upstream sites; and sites
from the small intron in insulin I and II. An intron from silkmoth (28) conforms well to the optimal sites but has not been included because it
is so phylogenetically distant from the vertebrate introns. The frequencies of the preferred bases are indicated. Except for one in brackets, all
shown are found in 245% of sequences. In the pyrimidine-rich stretch leading into the downstream splice site, T is preferred but C is the next
most frequent at most positions. Although some introns have longer pyrimidine-rich sequences, the consensus ends 18 nucleotides before the
splice site. (Center) 5' sequence of rat U-1 snRNA from ref. 13. G7223m, N2,N2-dimethyl-7-methyl G; Am, 2'-O-methyl A; Um, 2'-O-methyl U.
Complementarity to the splice site sequences is indicated.
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FIG. 2. Model for base 'airing of heterogeneous nuclear RNA to U-1 snRNA in the RNA splicing complex. Dots indicate the predicted points
of cutting and splicing.
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FIG. 3. Actual sequences fitted to the model. The fit between rat U-1 snRNA and the large intron of insulin II from the same species (20)
is one of the best examples. The fit between U-1 and the simian virus 40 (SV40) early region (excision D4-A4 of ref. 9) coding for T-antigen mRNA
is one of the poorest examples. In searching for fits, looping-out of either U-1 snRNA or the hnRNA was permitted four nucleotides before the

downstream splice point.
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in the splice point actually used. In the second, base-pairing of
upstream and downstream sites with U-1 could be sequential
rather than simultaneous, so that each site would form base pairs
maximally, with the splice always being made at the same
point.
The preferential splicing of a particular site in a primary

transcript containing multiple splice sites could depend on the
extent of the base pairing of the intron sequences with U-1
snRNA. Alternatively, the splicing pattern of such a transcript
may be determined by other factors acting in concert with U-I
snRNA alignment of splicing sites. The secondary structure of
the hnRNA may sequester some potential splice sites and make
others more readily available (42, 43). This structure may
change as splicing progresses. The geometry of the splicing
complex may eliminate other sites by placing a limit on the
distance between functionally paired upstream and down-
stream sites. In this regard, it may be significant that no introns
less than 66 nucleotides long have been identified in vertebrate
systems. [An exception is a 31-nucleotide excision reported for
a minor species of simian virus 40 RNA (44), but the possibility
of splicing from a concatameric transcript has not been ex-
cluded in this case. ] The geometry of the splicing complex may
require at least 66 nucleotides of intron for the RNA to fold back
on itself as indicated in Fig. 2. Whatever other interactions may
be involved, the proposal that U-1 snRNA is the recognition
component aligning splicing sites provides a starting point for
deciphering the molecular events in RNA splicing.

Note Added in Proof. Lerner et al. (45) have also proposed that U-1
snRNA may be involved in RNA splicing.
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