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Summary 

Sequence comparison of the introns of two yeast 
genes (rp5lA and rp5lB) coding for the same ribo- 
somal protein shows homology only in the last 50 
bases of the intron. This region of the intron contains 
an internal conserved sequence (ICS) present near 
the 3’ end of all sequenced yeast nuclear mRNA 
introns. Removal of a 29 bp sequence containing the 
ICS prevents splicing of an intron-containing hybrid 
gene. In cells containing the wild-type gene, we have 
detected RNA molecules that we suggest are normal 
splicing intermediates, generated by an endonucleo- 
lytic cut in the primary transcript at the ICS. The 
homology of the ICS with a sequence near the 5’ 
end of Ul snRNA suggests a model in which an 
interaction in cis between the ICS and the 5’ splice 
junction in yeast is the counterpart of the interaction 
in frans between Ul and 5’ splice junctions in higher 
eucaryotes. 

Introduction 

The presence of introns in most protein-coding genes of 
higher eucaryotes raises questions about the function of 
introns and the mechanisms that enable a cell to process 
a primary transcript and produce a mature mRNA. Contrary 
to what appears to be the case for higher eucaryotes, 
many yeast nuclear genes that have been characterized 
to date do not contain introns. With the exception of the 
actin (Gallwitz and Sures, 1980; Ng and Abelson, 1980) 
and mating-type genes (Tatchell et al., 1981; A. M. Miller 
and K. A. Nasmyth, unpublished data), all other intron- 
containing yeast genes have been identified in studies that 
focus on ribosomal proteins (Rosbash et al., 1981; Leer et 
al., 1982; Kaufer et al., 1983; Teem and Rosbash, 1983; 
N. Abovich and M. Rosbash, unpublished data). The iden- 
tification of intron-containing genes in yeast has been 
greatly facilitated by the existence of strains carrying tem- 
perature-sensitive mutations that inhibit mRNA splicing 
(Hartwell et al., 1970; Rosbash et al., 1981; Bromley et al., 
1982). Through the use of these strains, it has been shown 
that many (and perhaps most) ribosomal protein genes 
contain an intron (Rosbash et al., 1981; Fried et al., 1981; 
Leer et al., 1982). 

A number of studies have focused on the possible 
mechanisms of mRNA splicing in metazoa (for review see 
Lewin, 1980; Breathnach and Chambon, 1981; Sharp, 
1981). The conserved nature of the 5’ and 3’ intron 

junctions suggests that these sequences are important for 
the splicing reaction (Breathnach and Chambon, 1981; 
Mount, 1982). Sequence comparisons and deletion exper- 
iments suggest that much of the intron-other than the 
junction sequences-does not play an important role in 
splicing (for review see Elder et al., 1981; Mount et al., 
1983). It has been proposed that Ul snRNA acts as a 
guide, binding to both ends of the intron, bringing the two 
exons together in the right alignment for the splicing 
reaction (Lerner et al., 1980; Rogers and Wall, 1980). 
Evidence that Ul is necessary for splicing has been 
reported (Lerner et al., 1980; Rogers and Wall, 1980; Yang 
et al., 1981). 

The seven known yeast introns have sequences at their 
5’ and 3’ junctions that obey rather well the general 
consensus sequences determined for all eucaryotes 
(gAG/GT$AGT and [&NAG/G; Mount, 1982) suggest- 
ing that the biochemical mechanisms by which introns are 
removed are similar in the two classes of organisms. In 
yeast as well as metazoa, deletion experiments suggest 
that much of the interior of the yeast intron sequence is 
dispensable (Gallwitz, 1982). On the other hand, experi- 
ments attempting to demonstrate correct splicing in yeast 
of introns from higher eucaryotes have been unsuccessful 
(Beggs et al., 1980; Langford et al., 1983). Attempts to 
identify Ul snRNPs in yeast have also been unsuccessful 
so far (Lerner et al., 1980). Thus it would appear that 
certain features of mRNA splicing mechanism are shared 
between yeast and metazoa, although differences may 
exist. 

In order to understand in more detail the mechanism 
and regulation of yeast mRNA splicing, we undertook a 
comparative analysis of yeast intron sequences. The re- 
sults of these comparisons, in combination with biochem- 
ical studies on the splicing of mutant and wild-type introns, 
suggest that an internal (i.e., nonjunction) conserved 7 
base sequence is required for normal splicing. We have 
named this sequence the ICS (for internal conserved se- 
quence). Analysis of RNAs found in vivo suggests strongly 
that this ICS is also a recognition site for an RNA endonu- 
clease; thus ICS also stands for intron-cut site. A compar- 
ison with published data on metazoan splicing from other 
laboratories (Lerner et al., 1980; Mount et al., 1983) sug- 
gests a role for the ICS in yeast mRNA splicing and, most 
surprisingly, provides potential insights into the role of Ul 
snRNA in mammalian mRNA splicing. 

Results 

Presence of a Conserved Internal Sequence near 
the 3’ Ends of Yeast lntrons 
The yeast ribosomal protein rp51 is coded for by two 
genes, rp5lA and rp51B, both of which are functional and 
expressed in wild-type cells (Teem and Rosbash, 1983; N. 
Abovich and M. Rosbash, unpublished data). The two 
genes share a common structure. Each contains a single 
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intron (398 bp in the case of rp51A, and 300 bp in the 
case of rp51 B) interrupting an open reading frame directly 
after the initiating methionine codon. Sequence differences 
between the two genes occur only in the third base of 
codons and outside the open reading frame, thereby 
leading to the almost total conservation of the protein 
sequence, except for the last amino acid. This sequence 
comparison of the exons supports the hypothesis that the 
two genes arose as the result of a gene duplication event; 
presumably the presence of two genes has given the cell 
some adaptive advantage (N. Abovich and M. Rosbash, 
unpublished data). 

With the aid of computer programs (Pustell and Kafatos, 
1982) we compared the two intron sequences. Most of 
the intron sequences show no detectable homology, ex- 
cept for the expected 5’ and 3’ splice junctions. The last 
50 bases of the two introns, however, show a considerable 
degree of homology, as shown in Figure 1. A homology 
search between all pair-wise combinations of five yeast 
mRNA intron sequences revealed only a 7 bp sequence, 
TACTAAC (see Figure 2) present in all five introns. Sub- 
sequently we learned that this internal conserved se- 
quence (or ICS) is also present in two introns in the MAT 
gene (A. A. M. Miller and K. Nasmyth, unpublished data). 
It is striking that this sequence is always in a similar 
position, 20 to 60 bp from the 3’ end of the intron (Figure 
2). The comparison of the two rp51 genes (Figure 1) 
suggests that this homology might be more extensive if 
one allows up to 3 bases to differ from a larger consensus 
sequence, ATTTACTAAC. With this consensus sequence, 
the rp51A and actin genes contain two ICSs, while rp51 B 
and all the other yeast introns contain only one ICS. 

The relative conservation of the 3’ end of the rp51 
introns can be most readily explained by the fact that the 
ICS sequence, as well as its approximate position within 
the intron relative to the 3’ junction, is important for gene 
expression, An alternative explanation would be that a 
relatively recent gene conversion event, including the 3’ 
exon and the intron up to the ICS, occurred between rp51A 
and rp51B. The fact that two yeast genes, rp51A and 
actin, contain two repeated ICSs could have functional 
significance, although in both genes only one of the two 
ICS sequences contains the precise 7 base sequence 
TACTAAC. 

CTCA 
T 

T” 
T 

T 

GAG G’ 
T 
G 

Deletion of a 29 bp Sequence Containing the Two 
ICSs Leads to the Accumulation of a Stable 
Primary Transcript 
To determine the role of the ICS, we used a previously 
described plasmid (pHZ18) in which the rp51A intron and 
some flanking sequence have been inserted into the cod- 
ing region of a galactose-inducible hybrid gene that codes 
for a polypeptide with /3-galactosidase activity (Figure 3A; 
Teem and Rosbash, 1983). In yeast cells grown in the 
presence of galactose, this interrupted gene is transcribed 
into a precursor RNA from which the intron is removed 
(Teem and Rosbash, 1983). The mature mRNA contains 
an initiator ATG in frame with some rp51 sequence and 
the IacZ gene from E. co/i. The important characteristic of 
pHZ18 is that, unless splicing occurs in a precise way, no 
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Figure 2. Position of the ICS in the Yeast lntrons 

The five sequenced yeast introns are aligned at their 3’ ends with the last 
intron nucleotide corresponding to -1. Shown are only the nucleotides 
included in the sequences homologous to the 10 bp of the rp516 lCS, 
arbitrarily chosen as standard. Bases identical to their counterparts in rp51B 
are written in upper case letters; those that differ are in lower case letters. 
The 7 bp sequence TACTAAC is underlined for each gene. The two mating- 
type introns are not aligned with respect to their 3’ ends, as these data are 
not yet available. 
” Abovich and Rosbash (unpublished data); b Teem and Rosbash (1983); 
c Ng and Abelson (1980); d Kaufer et al. (1983); *Leer et al. (1982); ‘Tatchell 
et al. (1981); A. A. M. Miller and K. Nasmyth, personal communication. 
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Figure 1. Homology between the 3’ Ends of the lntrons of rp51A and rp51B 

The sequence of the two introns IS shown up to the last base, just before the 3’ splice lunction. The best match between the two sequences is indicated, 
although alternative matches are also possible. The two ICSs containing the precise 7 bp sequence TACTAAC are underlined. No other region of homology 
was found upstream of the Act I site except for the 5’ splice junctton. 



;;Ft mRNA Splicing 

Figure 3. pHZl8 and Derived Deletions 

(A) Correct splicing of the fusion transcript is 
necessary to production of ~qaiactosidase in 
yeast cells. For details see text and Teem and 
Rosbash (1983). (B) Al, A2, and A3 are deletion 
derivatives of pHZ18. Only intronic sequences of 
rp51 A are drawn to scale, and length is indited 
in bp. The boxed region inside the intron contains 
the two ICSs as shown in Figure 2. Two large 
outside boxes correspond to hybrid exons (see 
A). Thin box inside the intron corresponds to the 
first 48 bp of the original rp51A intron (see text). 
Arrow indicates 29 bp deleted in A3B. A36 is 
identical to pHZ18 except for the duplication of 3 
bp at the ortginal Sal I site, due to the way the 
construction was made (GTCGACGAC instead of 
GTCGAC). As this region is known to be unnec 
essary for splicing and this small duplication cre- 
ates no potential cryptic sites, the phenotype of 
A38 is interpreted on the basis of the 29 bp 
deletion. (See text and Experimental Procedures.) 
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&galactosidase activity is produced, due to the absence 
of any open reading frame in the rp51 intron (Teem and 
Rosbash, 1983). 

We have constructed a series of deletions, progressively 
removing most of the intron from pHZ18. The three deletion 
derivatives of pHZ18-Al, A2, and A3-differ only by the 
amount of intron sequence present 3’ from the original Sal 
I site, itself 48 bp from the 5’ junction (Figure 38). These 
three plasmids were then used to transform a ura3 strain 
and the phenotypes scored on X-Gal plates, Al and A2 
transformants gave rise to blue (lac+) patches, indistin- 
guishable from pHZ18, whereas A3 gave rise to a white 
patch. Preliminary enzyme assays confirm this qualitative 
observation; DB745 transformed with pHZ18, Al, or A2 
have the same (&50%) levels of P-galactosidase activity 
(without controlling for possible variation in plasmid copy 
number). In contrast, A3 shows no detectable activity 
(c 1%). To test the possibility that the observed effect on 
P-galactosidase activity was due to the small size of the 
intron in A3, we inserted an intron fragment from the rp51 

gene into the Sal I site of A3, creating a gene (A3B) that 
contains the normal intron sequence up to the Act I site 
located adjacent to the ICS (see Figure 7). A38 has a 29 
bp deletion, including the ICS, 3’ to the Act I site; other- 
wise, it is virtually identical to the original intron. A3B shows 
no (< 1%) detectable @-galactosidase activity, suggesting 
that we can confine an intron-internal region necessary for 
gene activity to a 29 bp sequence, including the two ICS 
(see Figure 7). We can also conclude that most of the 
intron can be deleted with no substantial effect, as previ- 
ously reported for the yeast actin gene (Gallwitz, 1982). 

To confirm that the lack of j3-galactosidase activity was 
due to a defect in mRNA processing, RNA was analyzed 
by primer extension. A 19 bp synthetic oligonucleotide, 
complementary to the beginning of the 3’ exon of rp51A 
and pHZ18, was labeled at its 5’ end and used as a primer 
for cDNA synthesis with RNA extracted from yeast cells 
transformed with pHZ18, A2, and A3 (Figure 4; Teem and 
Rosbash, 1983). In principle, the sizes of the radioactive 
cDNA products correspond to the number of bases be- 
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Figure 4. Primer Extension Analysis of pHZl8 and Derived Deletions 

DE745 cells transformed with the various plasmids were grown in supple- 
mented minimal media with 2% galactose as a carbon source. After 
reaching an 0.D.610 of 0.4 to 0.8, cells were cdlected and RNA extracted 
as described (Woolford et al., 1979). cDNA was synthesized as described 
(Teem and Rosbash, 1983) and run on a 6% acryfamiie sequencing gel. 
The plasmids contained by the transformants are pHZl8 (lane l), A2 (lane 
2) A3 (lane 3) O-IO (lane 4). The arrows denote cDNA molecules 
corresponding to: unspliced fusion transcripts from O-10 (arrow 1); un- 
spliced fusion transcripts from A3 (arrow 2); spliced fusion transcripts from 
HZ18 and A2 (arrow 3); putative splicing intermediate (arrow 4); spliced 
mRNAs from rp51A (arrow 5). See Teem and Rosbash (1983) for a detailed 
description of the rp51A and HZ18 5’ ends. To determine the exact size 
of the cDNA product corresponding to the putative splicing intermediate, 
dideoxynucleotides were added to the reverse transcription reaction of O- 
IO. producing the sequence of the precursor RNA, which is identical to 
that of HZ18 in the region of interest. Analyzing cDNA products from HZ18 
RNA adjacent to this sequencing ladder enabled us to determine that the 
srze of this cDNA is 87 nucleotides (data not shown). 

tween the 5’ ends of the RNAs and the sequence comple- 
mentary to the primer. In the case of pHZl8 and A2 there 
are six strong bands, corresponding to the six transcription 
initiation sites in the cyc 1 promoter region of the fusion 
gene (Faye et al., 1981; Teem and Rosbash, 1983). In the 
case of A3, the same pattern can be seen, but the 
transcripts are of higher molecular weight, despite the fact 
that A3 is a smaller gene than pHZ18 or A2. The sizes 
correspond to the predicted sizes of A3 unspliced primary 
transcripts. Adding dideoxynucleotides to the reverse tran- 

scriptase reaction produces the exact sequence of A3 
RNA, confirming that these are unspliced transcripts and 
defining precisely the sequence of the A3 deletion (data 
not shown). The A3 deletion endpoint indicates that the 
entire ICS sequence (or sequences) are absent (see Figure 
7). The data do not allow us to determine which of the two 
ICS sequences-or, more properly, which sequences be- 
tween the Act I site and the A3 endpoint-are required 
for proper and efficient mRNA splicing. 

Characterization of a Putative Splicing Intermediate 
with a 5’ End in the ICS 
Among the primer-extended cDNA products generated 
from HZ18 RNA is a DNA of 87 nucleotides, which is 
visible on sequencing gels as a single band below the 
multiple bands that correspond to the 5’ ends of mature 
HZ18 mRNA (Figure 5). This band is also present but 
much weaker in cDNA complementary to RNA from wild- 
type cells (data not shown); the band is also present in 
cDNA complementary to RNA from pHZ184ransformed 
cells grown in the absence of galactose (Figure 5, lane 2; 
Teem and Rosbash, 1983) but is not visible on this expo- 
sure Since the HZ18 hybrid gene and the rp51 gene share 
only 27 bp upstream of the 5’ splice junction, and since 
the distance from the labeled end of the primer to the 3’ 
splice junction is 29 bp, a cDNA product from spliced 
HZ18 or rp51 mRNA should be identical for only 56 bp. 
However, HZ18 and rp51 primary transcripts share intron 
sequences for several hundred nucleotides upstream of 
the primer; moreover, since the observed cDNA is 87 
nucleotides long, it could correspond to an RNA molecule 
with a 5’ end at the ICS, which extends into the 3’ exon. 

In order to verify that the 87 nucleotide cDNA is a product 
of reverse transcription from unspliced RNA, cDNA was 
hybridized to single-stranded DNA containing the cDNA- 
complementary strand of all rp51 sequences except the 
5’ end of the intron and the 5’ exon. Subsequently, the 
DNA was digested with Sl nuclease. The 87 nucleotide 
band is the only major band protected from Sl digestion 
by the complementary DNA, i.e., it is colinear with the 
genomic DNA. All other major cDNAs are digested by Sl 
to a size of about 30 bases, representing extension of the 
primer to the 3’ acceptor splice site-i.e., they are cDNAs 
complementary to spliced mRNAs. The extension of the 
primer to a position terminating within the ICS sequence 
suggests that there exist within the cell RNAs with a 5’ 
end at this position, or that reverse transcriptase encoun- 
ters a structure at the ICS that terminates further cDNA 
synthesis, i.e., a strong stop. 

RNA was also analyzed by another independent method 
(Sl mapping) to determine if a 5’ end occurs within the 
ICS. A 383 bp Dde I-Sal I restriction fragment was 5’. 
labeled at the Dde I site, 38 bp downst@am of the 3’ 
acceptor splice site. The fragment, which extends up- 
stream to the Sal I restriction site within the intron, was 
hybridized to yeast RNA and subsequently digested with 
Sl (Figure 6). Unspliced RNA containing the entire rp51 
intron protects the entire fragment from Sl digestion. 
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Figure 5. A cDNA Terminating in the ICS is Protected from Si Digestion 
by lntron DNA 

pHZ18-transformed PT2182D cells were grown at 23°C in supplemented 
minimal media with 0.1% glucose to an O.D.*” of 0.8, after which gatactose 
was added to 2% for 1 hr. RNA was isolated from cells cdlected before 
and after galactose addition, and cDNA synthesized from each RNA by 
primer extension as described (Teem and Rosbash, 1983). Each cDNA 
synthesis reaction was heated at 100°C for 1 min and RNAase added to 
0.5 &/ml. After incubation at 37°C for IO min, the cDNA samples were 
phenol-extracted and ethanot-precipitated. An aliiuot of cDNA synthesized 
from galactose-growm cells was treated with Sl as follows. The cDNA was 
resuspended in 9 pl of TE together with 2 rs MP8HS2 phage DNA (see 
text), and heated to IOOOC for 1 min. NaCl was added to 0.4 M and the 
final volume of 10 pl incubated at 85°C for 1 hr and then allowed to cool 
slowty to 25°C. The sample was diluted into 90 pl Sl buffer and incubated 
at 15’C for 20 min with the addition of 50 U Sl nuclease. EDTA was added 
to 10 mM and the nucleic acid ethanol precipitated. All samples were 
analyzed by electrophoresis on 8% acrytamide sequencing gels. In control 
experiments (data not shown), cDNA that is Sl -treated (as above) in the 
absence of phage DNA results in the elimination of all bands seen in lane 
3. Hybridization of cDNA to phage DNA without subsequent Sl treatment 
produces a pattern of cDNA identical to that shown in lane 1. The arrows 
denote cDNA bands corresponding to: spliced fusion mRNA from HZ18 
(arrow I); putative splicing intermediate (arrow 2); spliced rp51A mRNAs 
(arrow 3); products of Sl digestion of spliced mRNAs (arrow 4). 
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Figure 8. Sl Mapping of 5’ Ends within the rp51 lntron 

105 cpm of 5’kbeted Dde I-Sat I restriction fragment DNA isolated from 
pY1 l-138 plasmid DNA (Woolford et at., 1979) was hybridized to IO pg 
total RNA prepared from cells transformed with a high copy number plasmid 
containing the rp5lA gene (Zu-GOB). The Sl mapping procedure was as 
descrtbed (Woolford et al., 1979) except that the hybridization was per- 
famed at 42oC, and Sl digestion was limited to 20 min at 15°C. at a 
concentration of 0.25 U Sl/pl. Samples were electrophoresed on a 10% 
acrylamide sequencing gel. Total RNA (10 rg) obtained from pHZl8 
transformed DB745 cells, or from untransformed DB745, produced a similar 
result (data not shown), atthough the intensity of ths Sl hybrid bands was 
reduced. The approximate size of the Sl-protected DNA was determined 
by running it next to the 5’ end labeled Dde I-Sat I fragment subsequently 
digested wtth Act I. The Sl-protected band had a mobility indistinguishable 
from that of this standard. The resolution of this experiment is estimated at 
f5 bases, (data not shown). The arrows cwespond to DNA molecules 
protected from Sl by: RPSlA precursor RNA (arrow 1); putative spilling 
intermediate (arrow 2); spliced rp5lA mRNA (arrow 3). See text for discus- 
sion of the Sl-protected bands between arrows 2 and 3. (lane 1): hybridi- 
zation wtthout RNA: (lane 2): hybridization with Pu-GOB RNA. 

Spliced RNA is able to protect a DNA of approximately 40 
bases, from the labeled Dde I end to the 3’ acceptor 
splice site. Additional Sl-resistant DNAs are also visible, 
presumably resulting from protection of the labeled frag- 
ment by unspliced RNAs having 5’ ends within the intron. 
One of these (arrow 2 in Figure 6) has a size of approxi- 
mately 1 IO bases, corresponding to an RNA with a 5’ 
terminus at or near the ICS. The resolution of the Sl 
experiments (see Experimental Procedures) is not nearly 
as high as that of the primer extensions, but the two 
snethods of analysis give consistent results and suggest 

(lane 1): cDNA synthesized from 10 rg of RNA obtained from galactose- 
grown cells; (lane 2): cDNA synthesized from IO gg of RNA obtained from 
glucose-grown cells; (tane 3): cDNA synthesized from 10 & of RNA 
obtained from gatactose-grown cells, and protected from Sl by MP8HS2 
phage DNA. 
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strongly that the primer-extended cDNA is due to a bona 
fide 5’ end within the ICS. There is also an intense set 01 
Sl-protected DNA molecules, which terminate within the 
intron, between the AG of the 3’ splice junction and the 
ICS. A set of bands of similar intensity is not visible in the 
primer-extension experiments (Figure 5) suggesting that 
these bands are an Sl artifact, perhaps due to the condi- 
tions required to analyze RNA-DNA hybrids in the AT-rich 
intron (see legend to Figure 6). Alternatively, the primer 
extension could be less sensitive in revealing these RNAs 
for some other reason. This apparent contradiction is 
currently under investigation. For the purposes of this 
study, however, we emphasize the correspondence be- 
tween the primer-extended cDNA within the ICS and the 
Sl-protected DNA fragment, which terminates (within ex- 
perimental error) at the same position. 

To test the intriguing possibility that this molecule is an 
intermediate in the splicing reaction, we analyzed a deriv- 
ative of pHZ18 (O-10) in which the 5’ splice junction has 
been partly deleted. In this mutant gene, 67 bp have been 
deleted from near the 5’ splice junction; one end of the 
deletion is within the consensus sequence such that the 
original first 6 bp of the 5’ junction, GTATGT, have been 
replaced by GTATAC (C. Pikielny and M. Rosbash, unpub- 
lished data). Cells transformed with O-10 accumulate a 
stable unspliced precursor RNA, and no splicing is ob- 
served either by primer extension or by P-galactosidase 
assays (Figure 4; and C. Pikielny and M. Rosbash, unpub- 
lished results). These results are consistent with a previous 
report, which shows that deletion inactivation of a yeast 5’ 
splice junction leads to the accumulation of a stable pri- 
mary transcript (Gallwitz, 1982). Most interesting is the fact 
that the intensity of the 87 nucleotide band is significantly 
reduced. The result indicates that a functional 5’ splice 
junction is necessary for the efficient generation of this 
RNA, arguing that it is generated as part of the normal 
splicing reaction. We postulate that it is a splicing inter- 
mediate resulting from an endonucleolytic cut in the pre- 
cursor RNA at the position of the ICS. A summary of 
these results is shown in Figure 7, the exact position of 
the 5’ end of this RNA molecule was determined as 
described in the legend to Figure 4. 

Discussion 

The data presented above suggest that the ICS, and the 
cut within the ICS, are required for yeast mRNA splicing. 
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Based on these experimental results, we propose a model 
for the first steps of the splicing reaction. Particularly 
relevant to our model is the striking homology between the 
ICS and the 5’ end of Ul snRNA (Figure 8A). We suggest 
that, in yeast, mRNA splicing is initiated through an inter- 
action between the ICS and the 5’ intron junction, thus 
bringing the two sequences into proximity in space. This 
interaction is necessary for a concerted double-stranded 
cut, which occurs at the 5’ splice junction within the ICS, 
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Figure 8. A Model for Yeast mRNA Splicing with lmplicatiis for the Role 
of Ui snRNA in Metazoan mRNA Splicing 

(A) Homology between the ICS and Ul snRNA; the fifth and sixth nucteo- 
tides in Ul are pseudouridines. The lower case u indicates the mismatched 
undine. The arrows are in a 5’ to 3’ orientation. 
(6) First step in yeast splicing. The interaction between the 5’ splice junction 
and the ICS involves hydrogen bonding of the two GUS with the two ACs 
only; the bases in between are not paired. The arrows show the sites of 
the endonudeolytic cuts at the two intron junctions and at the KX. 
(C) Analogous step of metazoan reactton. The 5’ end of Ul interacts wtth 
5’ splice junctions. The 5’ sptll junction shown corresponds to a consen- 
sus sequence derived from the comparison of many sequenced introns; 
however, many cases are known where several bases differ from this 
consensus in active 5’ spli junctions (Mount, 1982). The two arrows 
correspond to the cut at the intron junction and to a possible endonucteotytii 
cut giving rise to Ula*. 

atcagTa~aagttgaattgcATTTACaAACtttttatttt...............TAG/ 

A38 

A3 

Fiiure 7. 3’ End of the rp5lA lntron 

Shown is the region of the intron containing the two ICSs (Teem and Rosbash, 1983) as defined in Figure 2 and text, The sequence TACTAAC is underlined. 
The site of the putative endonucleolytic cut is denoted by an arrow. The sequences deleted in A3 and A338 are shown. The Act I site 57 bp from the 3 
splice site is indicated. Capital letters indicate matched bases with the consensus sequence ATTTACTAAC. 
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and which precedes the cut at the 3’ splice junction (Figure 
88). An analogous first step in metatoan splicing would 
be the interaction between Ul snRNA and 5’ splice junc- 
tions (Figure 8C). 

The proposed model involves base-pairing between the 
two yeast sequences, the two GUS in the GUXXGU of the 
5’ junction pairing with the two ACs present in the 
UACUAAC of the ICS. It most probably also involves 
proteins that stabilize this complex. All yeast 5’ splice 
junctions identified to date are of the general form 
GUXXGU and thus can participate equally well in this 
interaction. We suspect that, in addition to pairing between 
opposing and complementary bases, primary sequence 
specificity of the proteins is also important. Otherwise, we 
would expect to find compensatory base changes be- 
tween 5’ junction sequences, and the ICS in a given intron. 
Furthermore, certain bases not involved in the putative 
pairing are also conserved, both in the 5’ splice junction 
and in the ICS. The seven yeast introns have the sequence 
XGUAYGU at their 5’ splice junctions; in six cases X is a 
G, once a T (A. H. Miller and K. Nasmyth, unpublished 
data), and in six cases Y is a U, once a C- (Abovich and 
Rosbash, unpublished data). The fact that we do not detect 
molecules with a 5’ end in the second ICS of rp51A 
suggests that the only one that acts as an internal cut site 
is the one containing the 7 base sequence UACUAAC 
(Figures 5 and 7). 

The existence of a cut within the intron, in a sequence 
that is conserved and almost certainly necessary for splic- 
ing, suggests strongly that this cut itself is involved in the 
splicing reaction. The alignment described above and 
shown in Figure 88 places the two cleavage sites almost 
precisely opposite each other and suggests, ipso facto, 
thai they occur in concert. This is supported by the 
analyses of the two deletion mutants, which show that an 
intact 5’ donor site is required for the ICS cut and that an 
intact ICS is required for the 5’ donor cut (since large 
amounts of precursor RNA accumulate in both cases). 

The fact that we detect, by primer extension, molecules 
cut within the ICS shows that this event can precede the 
3’ junction cleavage and suggests that this is usually or 
always the case. The data also show that in the absence 
of either an intact 5’ splice junction or an intact ICS, large 
amounts of stable precursor RNA-and no detectable 
putative splicing intermediates-are visible. These obser- 
vations give rise to the part of our model that proposes 
that the 5’ junction cut, or the concerted double-stranded 
cleavage, precedes the 3’ junction cut. This model does 
not explain how the 3’ junction cut is specified. Presumably 
the proximity of the ICS to the 3’ junction sequence is 
related to this specification. An examination of the seven 
intron sequences show that in most cases the first AG 
after the ICS is the one that is used. 

The homology between the yeast ICS and Ul snRNA 
(Figure 8A) makes the strong prediction that Ul performs 
a similar function in metazoan splicing (Figure 8C). Indeed, 
the homology involves only the region of Ul originally 
postulated to pair with the 5’ splice junction and not that 

postulated to pair with the 3’ junction (Lerner et al., 1980; 
Rogers and Wall, 1980), and current evidence indicates 
that Ul snRNP can bind specifically to 5’ intron junctions, 
but not to 3’ intron junctions (Mount and Steitz, 1981, 
Mount et al., 1983). The alignments shown (Figures 8B 
and 8C) incorporate idealized 5’ junction sequences 
(these data; Mount, 1982) from which many metazoan 5’ 
junction sequences differ. 

If the alignments take place as indicated, a similar cut 
might occur in Ul RNA and might be required for gener- 
ating the correct 5’ junction cut in metazoa. It is possible 
that Ula* (Lerner et al., 1980), a molecule identical to Ul 
but missing the cap and the six adjacent nucleotides, is 
generated by such a mechanism-i.e., the generation of 
Ula* can be accounted for by postulating that a cut 
required for splicing occurs in the adjacent position in Ul 
RNA, as compared to the position of the cut in the yeast 
ICS (Figure 8C). In any case, we propose that the mecha- 
nism that generates the 5’ donor cut is similar in yeast 
and in metazoa, a major difference being the fact that 
yeast introns carry their own Ul-like activity, which acts in 
cis. If this is true, it can account for the fact that no Ul 
snRNP has been found in yeast (Lerner et al., 1980). It 
can also account for the fact that metazoan introns fail to 
be spliced in yeast (Beggs et al., 1980; Langford et al., 
1983), i.e., they carry no ICS and yeast has no Ul RNA to 
provide the activity in trans. 

The proposed model makes a number of predictions, a 
significant fraction of which are testable in a reasonably 
straightforward fashion. For yeast, it suggests that tran- 
scripts from other intron-containing genes should manifest 
a cut in the ICS, at the same position as shown in Figure 
6. This is a necessary condition of the model. There are 
also a number of other likely, but not necessary, predic- 
tions by the model. These include the fact that transcripts 
with a cut in the ICS should become less abundant under 
conditions that decrease or prevent mRNA processing, 
such as incubation at the nonpermissive temperature of 
strains carrying the temperature-sensitive mutation ma2 
(Rosbash et al., 1981). Yeast introns should splice at least 
to some extent in metazoan cells and the insertion of an 
ICS near the 3’ end of a metazoan intron should permit 
splicing of a (mostly) metazoan intron in yeast. 

The model of yeast nuclear mRNA splicing presented 
here shares features with a variety of different splicing 
schemes. Theepresence of conserved junction sequences 
makes a clear connection between yeast and metazoan 
mRNA splicing (Breathnach and Chambon, 1981; Mount, 
1982). The putative intramolecular alignment is reminiscent 
of splicing schemes for introns which do not follow the 
GT/AG rule and which rely upon, or are associated with, 
a variety of secondary-structure configurations (Davies et 
al., 1982; Michel et al., 1982; Michel and Dujon, 1983. 
Although we feel it is unlikely that a self-splicing mechanism 
of the kind reported for Tetrahymena rRNA (Kruger et al., 
1982) is responsible for yeast mRNA splicing, no data to 
the contrary exist at present. 

Finally, the proposal that yeast mRNA introns carry a 



Cell 
402 

Ul-like activity that acts only in cis has profound implica- 
tions for the origin and evolution of eucaryotic mRNA 
introns. In our opinion, the easiest way to view this problem 
is that ancient mRNA introns, like that present in Tetrahy- 
mena rRNA, were removed by a self-splicing mechanism, 
which (by definition) carried all required activities in cis. 
The yeast intron would correspond to an ancient mRNA 
intron, which carried part of the splicing functions (the ICS) 
in cis. During evolution the splicing apparatus has evolved 
to be able to use a Pans-acting molecule rendering the 
ICS nonessential and allowing it to mutate. This evolution- 
ary scheme suggests that if this distinction between yeast 
and metazoa proves to be true, it will be interesting to 
examine mRNA introns in other lower eucaryotes for the 
presence of an ICS or an ICS-like activity. 

While this manuscript was in preparation, we learned 
that another laboratory had independently demonstrated 
the requirement of the ICS for yeast mRNA splicing (Lang- 
ford and Gallwitz, 1983). 

Experimental Procedures 

Yeast Strains, Media, and Transformation 
All plasmids were transfoned as described (Ito et al., 1983) into DE745 
(a&e-700, /eu2-3, leu2-7 72, ura3-52), constructed in the laboratory of D. 
Botstein, or into PT216D (a,ms2, his4. ura3, cryl, ma/2), obtained from J. 
Haber. Minimal media are as described (Tern and Rosbash, 1983) with 
the modifications noted in the figure legends. 

&Galactosldase Assays 
Assays of @-galactosidase activity were performed as described (Miller, 
1972; Osley and Hereford, 1982). X-Gal-containing plates were prepared 
as described (Osley and Hereford, 1982). 

Deletion Derivatives of pHZ10 
All cloning procedures are as described (Gray et al., 1982). Sal I oligonu- 
cleotide linkers were purchased from New England Biolabs. Deletions were 
obtalned in vitro in a two-step process. First, approximately 5 rg of pHZl8 
was linearized by cutting at the unique Sal I site in the intron; the linear 
molecules were then treated with BAL 31 exonuclease. purchased from 
Bethesda Research Laboratories, under the conditions described by the 
manufacturer for various lengths of time. At this point Sal I linkers were 
ligated, under standard blunt-end conditions, to the ends of the shortened 
molecules. As these linkers contain no phosphate at their 5’ ends, only 
one covalent bond is formed between the 5’ phosphate of the plasmid 
and the 3’ OH of a Ilnker, so that only one strand of a single linker is 
covalently bound to each end of the plasmid. After separation from unligated 
linkers, the mix was incubated in IO cl T.E. (IO mM Tris, pH 8.3; 1 mM 
EDTA) for 10 min at 65OC in order to dissociate the unbound strands. The 
two single-stranded 8 base oligonucleotides present on each molecule 
were then allowed to pair by incubation at room temperature for 10 min. 
This presumably yielded circular molecules even though the backbone 
contained two nicks on opposite strands at each end of the linker. The 
molecules were used to transform E. cdi strain LG90 by standard proce- 
dures (for details see Gray et al., 1982). Analysis of the resulting piasmids 
showed them to be a population of deletions of different sizes containing 
a Sal I site at the junction of the two deleted fragments, which enabled us 
to determine precisely the size of the deletion 3’ to the origtnal Sal I site. 
Afler one such experiment and screening of 16 candidates by the alkaline 
lysis method (Ish-Horowitz and Burke, 1981), a 200 bp deletion was 
obtaIned. This plasmid was used as the starting material for another round 
of deletions, which ylelded two plasmids with deletions ending in the region 
of the ICS, one 40 bp before and the other just after the ICS. These sizes 
were estimated wlthin 10 bp by digesting the plasmids with the appropriate 
restriction enzymes. As a second step, Sal I-Sst I fragments from each of 
the three plasmids were purified and ligated into a Sal I-Sst I pHZl8 

backbone in order to replace all the sequences 5’ to the Sal I site with 
those present in the original plasmid (see Figure 38). 

Nucleic Add Analysis 
Primer extensions were performed as described (Teem and Rosbash, 
1983) with the exception that 10 pg total RNA was used in each cDNA 
synthesis reaction. RNA preparation and Sl mapping was done as de- 
scribed (Wodford et al., 1979), wfth the modifications in the Sl procedure 
as indicated in Figure 5. The phage mp8HS2 contains a Sal I-Hind II 
fragment insert from the rp5lA gene obtained from subclone 2 plasmid 
DNA (W&ford et al., 1979). The insert contains the coding strand and is 
therefore ccmplementary to cDNA. It contains all of the gene except for 
sequences upstream of the Sal I site in the intron-i.e., it is missing the 5’ 
end of the intron, the 5’ exon. and the 5’.flanking DNA. 
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