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Point mutations, deletions, and a sequence context change were introduced at positions 3' to the internal
conserved TACTAAC sequence-of the Saccharomyces cerevisiae actin intron. In vivo analysis of yeast mRNA
splicing suggests that, in contrast to the importance of the polypyrimidine tract in metazoan introns, specific
sequences in this region are not required for efficient excision of a yeast intron. However, a double point
mutation near the 3' junction (GG/AC) does severely inhibit splicing. Although this mutagenesis of the 3'
junction, as well as deletion of most nucleotides between the TACTAAC and the 3' junction, caused only a
slight accumulation of primary transcript, the observed accumulation of lariat intermediate by these mutants
demonstrates the significance of this region for a step(s) in the splicing process after lariat formation.

Nuclear mRNA splicing in both Saccharomyces cerevi-
siae and higher eucaryotes is a two-stage process; the
intermediates are exon 1 and a lariat intron contiguous with
exon 2 (the lariat intermediate) (17). Steps in stage 1 include
assembly of an RNA-protein complex on the primary tran-
script (the spliceosome) (3, 10, 12, 29), cleavage at the 5'
exon-intron junction, and subsequent formation of a 2'-5'
phosphodiester bond between the phosphate at the 5' end of
the intron and the ribose 2' hydroxyl of an A nucleotide
within the intron. Stage 2 processes include cleavage at the
3' intron-exon junction and ligation of the two exons to
produce mature mRNA. A free intron in a branched config-
uration is an additional product (8, 26, 32, 36, 40).

Efficient splicing in yeast requires the integrity of the
conserved junction sequences, 5' GTAPyGT.... .AG 3' and
the internal conserved sequence (ICS), TACTAAC (9, 11,
14, 15, 19, 20, 25, 27, 30, 39). However, the presence of these
is not sufficient; these conserved sequences have been found
in close proximity and in the correct juxtaposition in at least
two transcripts, but are not recognized as defining an intron
during posttranscriptional RNA processing (A. Newman and
G. Taylor, personal communications). Analysis of intron
mutations has demonstrated that there are sequence context
and spacing constraints for efficient splicing. Changes in
intron sequences adjacent to the 5' junction and ICS can
dramatically effect the efficiency of splicing (28), and inser-
tions at various positions within the yeast actin gene have
demonstrated that splicing efficiency decreases as the dis-
tance increases either between the 5' cap structure and the
intron, between the 5' junction and the ICS, or between the
ICS and the 3' junction (5, 18). Yeast introns are relatively
small (50 to 700 nucleotides) and are present near the 5' end
of some primary transcripts.

Splicing of mRNA in higher eucaryotes and S. cerevisiae
has many common characteristics; however, there are some
distinctions. In contrast to the strong conservation of spe-
cific intron sequences in yeast, only the GT and AG
dinucleotides at the 5' and 3' intron junctions, respectively,
are invariant in higher eucaryotes (2, 24), indicating that the
substrate nucleotide requirements for splicing in yeast are
much more stringent. The branched nucleotide within a
yeast intron lariat is always the penultimate nucleotide of the
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ICS (8, 21, 32), TACTAAC, even if this position is mutated
to either a G or a C (9, 15, 39). Although the internal branch
point in a higher eucaryotic intron is within a variant
sequence with some similarity to the ICS of yeast (16, 36,
40), selection of the branch point is more critically depen-
dent on its distance from the 3' intron junction (18 to 37
nucleotides) and, in particular, requires a polypyrimidine
tract adjacent to the 3' junction (10, 31, 34, 35, 37). In
contrast, the location of the TACTAAC sequence (and
branch point) in yeast introns varies between 9 and 138
nucleotides from the 3' junction (20, 30; P. Schatz, personal
communication); the first PyAG downstream of the ICS is
the 3' junction. Data from an in vitro splicing analysis of
truncated transcripts suggest that, unlike the case in higher
eucaryotes, sequences downstream of the ICS are not re-
quired for first stage processes in yeast (38).
Here we examine the importance of the yeast 3' intron

region, i.e., sequences between the ICS and 3' junction, by
generating several mutations in this region of the yeast actin
intron. This analysis demonstrates that splicing occurs effi-
ciently in vivo despite mutations, including several dele-
tions, in this region. However, a deletion of most nucleotides
in this region did inhibit splicing, particularly the second
stage. A double point mutation near the 3' junction had only
a minor effect on stage one but had a strong inhibitory effect
on stage two.

MATERIALS AND METHODS
Bacterial and yeast strains and plasmids. Escherichia coli

K-12 strain MC1000 [A(lacIPOZYA)X79 galU galK rpsL]
was the bacterial host (4). S. cerevisiae PY-88 (a leu2-3,-122
His') was obtained from P. Sadowski. Yeast strain YF302 (a
leu2-3,112 ural rna2-1 Ade' His') is a segregant of a cross
between strain ts368 (a adel ade2 his7 lys2 tyri ural gall
rna2-1) from the Yeast Stock Center and LL20 (a leu2-3,-122
his3-11,-i5 can)) from L. Lau. Growth and transformation
of E. coli and S. cerevisiae were done as described previ-
ously (22, 23). Growth under conditions of thymidine kinase
(TK) selection was as described by Himmelfarb et al. (13).

Plasmid pLF43 is a yeast-bacterial shuttle vector that
contains a fusion between the 5' portion of yeast actin,
herpes simplex virus (HSV) TK, and the 3' portion of yeast
tcml, in addition to the pBR322 E. coli origin of replication,
the 1-lactamase gene, the yeast 2,um origin of replication,
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FIG. 1. Mutations in the 3' intron region of an actin-HSV TK fusion gene. Actin intron mutations were generated by oligonucleotide-
directed mutagenesis by methods described previously (9). These mutations lie within an actin intron in a fusion of the 5' portion of yeast actin
to the HSV TK gene carried on the yeast bacterial shuttle vector, pLF43 (9). Symbols: E1, exon 1 actin RNA; -M, actin portion of exon
2; , actin intron (*, position of the ICS TACTAAC); @SS, TK portion of exon 2; - (at the 3' end of exon 2), tcml RNA. The ICS,
TACTAAC, of the intron is indicated in bold type, and the cryptic TACTAAG sequence seven nucleotides upstream is underlined. The
mutations are described in the text.

and the yeast LEU2 gene. Its construction has previously
been reported (9).

Construction of mutants. All mutations were generated by
oligonucleotide mutagenesis on a fragment of pLF43 in-
serted into bacteriophage M13mp9 and identified as de-
scribed previously (9). Shane Climie synthesized the oligo-
nucleotides, which ranged in size from 17 to 36, by
phosphoramidite chemistry (1) with an Applied Biosystems
DNA synthesizer.
RNA purification and analysis. RNA was extracted and
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FIG. 2. Blot hybridization analysis of actin-TK fusion RNA from

cells carrying plasmids with intron mutations. A, Total RNA was

extracted from strain PY-88 that had been transformed with the

parenta or mutant plasmids. RNA was electrophoresed, the gel was

blotted, and the filter was probed with a randomly primed TK-

specific fragment (1.7-kilobase BgLII-PvuII fragment). Abbrevia-

tions: P and M, primary transcript and mature mRNA, respectively;

L, lariat intermediate. Lanes: parental, RNA from PY-88 trans-

formed with the unmutated plasmid; rna2 23 and 37, RNA from the

rna2 strain YF302 that was transformed with an actin-TK fusion

plasmid and grown at 23 and37s C, respectively (at the latter
temperature, an rna2 strain accumulates mostly primary transcript

[33]); ICS-6G, RNA from an intron mutant that accumulates mostly
lariat intermediate (9); U, RNA from an untransformed strain.

Approximately equal amounts of RNA were loaded in each lane

(exceptions are rna2 samples). B, The expected transcript sizes
(excluding polyadenylation) are indicated for primary transcript (P),

mature mRNA (M), and the lariat intermediate (L). The remaining
symbols and designations are as in Fig. 1.

analyzed by blot hybridization and primer extension as
described previously (9).

RESULTS
To investigate the importance of yeast intron sequences

downstream from the ICS, we generated several mutations
in this region of the actin intron that is in a previously
described yeast actin-HSV TK fusion gene (Fig. 1) carried
on a yeast-bacterial shuttle vector (9). AU mutations were
made by oligonucleotide-directed mutagenesis on a single-
stranded template, screened by colony hybridization, and
verified by dideoxy sequencing (9). DNA fragments contain-
ing mutations in the 3' intron region were then exchanged for
the parental fragment of the plasmid (9).

Eight mutant plasmids were constructed (Fig. 1). Two of
these are single point mutants, one of which contains an
A-to-C transversion (ICS3'1C) immediately 3' to the con-
served TACTAAC sequence; this position is often an A. The
other contains a T-to-A transversion (3'-3A) at the con-
served pyrimidine position that is three nucleotides up-
stream from the 3' junction. A double point mutant
(3'-2G,+2C) that is mutated near the 3' junction contains a
transition two nucleotides within the intron and a transver-
sion two nucleotides outside of the intron; the second
mutation was made to prevent an AG dinucleotide within
exon 2 from being. used as an alternative 3' junction. In
addition, four deletions were constructed that range in size
from 12 to 34 nucleotides (3'RA12, 3'RA19, 3'RA21, and
3'RA34). Finally, a sequence context change was made
(3'RSCC) that maintains the normal spacing between the
actin ICS and 3' junction but replaces a pyrimidine-rich
segment with a randomly generated sequence. Yeasts were
transformed with a 2,um-based plasmid carrying either the
parental or a mutated actin-TK fusion, and the in vivo effects
on splicing were examined.

First, the effects of these mutations on TK-dependent
growth were determined. Although we have not examined
RNA from cells grown under TK-dependent growth condi-
tions, our previous characterization of 12 intron mutants
suggests that correct excision of the actin intron from the
actin-TK fusion primary transcript is required for production
of TK activity, as defined by a TK-selective growth assay
(9). We observed that most of the 3' region mutants had no
effect on TK-dependent growth. The exception is mutant
3'-2G,+2C, which was slightly inhibited (data not shown).

Total RNA was prepared from the transformants and was
first analyzed by blot hybridization with a radioactive TK
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fragment as probe. Most of the mutations appear to have no
effect on splicing. Mutants ICS3'1C, 3'RA12,3'RA19,
3'RA21, 3'RSCC, and3'-3A accumulated only mature fusion
mRNA at a steady-state level comparable to that in the
parental RNA sample. For two mutants, 3'-2G,+2C and
3'RA34, other RNA species were observed in addition to
mature transcript. In particular, mutant 3'-2G,+2C accu-
mulated an RNA species that migrated between the primary
transcript and mature mRNA. RNA with this same migration
pattern was observed for mutant ICS-6G (Fig. 2A); previous
characterization of the major RNA from mutant ICS-6G
demonstrated that it is lariat intermediate (9). Further anal-
ysis (see below) indicated that the major RNA species from
mutant 3'-2G, +2C was also lariat intermediate. In addition,
a small amount of primary transcript was observed in the
RNA of mutants 3'-2G,+2C and3'RA34 that was not
observed in the RNA of the other 3' region mutants or the
parental transformant (Fig. 2A).

Total RNA from the mutant and parental transformants
was also used for primer extension analysis with a primer
that hybridizes in the TK portion of the fusion RNA. Note
that a cDNA synthesized from the lariat intermediate is
blocked from further extension at the branch point (8, 32,
36). In agreement with the observations from the blot
hybridization analysis, the relative intensities of cDNA
bands that corresponded to primary transcript (P), lariat
intermediate (L), and mature mRNA (M) for most mutants
were comparable to the relative cDNA band intensities
observed for parental RNA (Fig. 3A). The exceptions again
were mutants 3'-2G,+2C and3'RA34; RNA from these two
mutants produced the most intense L and P cDNA bands but
the least intense M cDNA bands. A comparison of the L and
M cDNA products from these two mutants demonstrates
that lariat intermediate accumulates relative to mature
mRNA. We assume that the small amount of lariat interme-
diate accumulated by mutant3'RA34 is masked by the major
accumulation of mature mRNA in the blot hybridization
shown in Fig. 2A. Although less obvious, a comparison of P
cDNA products in Fig. 3 suggests that there is a slight
accumulation of primary transcript for mutants 3'-2G,+2C
and3'RA34.
To identify the lariat branch point of the mutant lariat

intermediates, primer-extension reactions performed for
Fig. 3 were also coelectrophoresed with dideoxy sequencing
reactions from the same, end-labeled TK primer (Fig. 4).
The L cDNA of all mutant RNAs and parental RNA was
blocked from further extension at the same position, the last
nucleotide of the ICS (TACTAAC), suggesting that the 2'
branch is made from the ribose moiety of the final A
(TACTAAC) (9, 32); nuclease analysis of a branched intron
indicatesthat this A is the internal branch point (8, 21). Since
some of the mutants contain deletions within the region
flanked by the site of primer hybridization and the lariat
branch point, the L cDNA of these mutants is shortened by
the size of the deletion (Fig. 4A).
A TACTAAG sequence that is 7 nucleotides 5' to the ICS

(Fig. 1) is apparently not used in any of the mutants for
formation of an alternative branch, since cDNAs are not
observed that terminate at the expected position 14 nucleo-
tides upstream from the L cDNAs in Fig. 4 (see also the
sequence for this region in Fig. 1). Previously we demon-
strated that the same sequence at the normal ICS position
still allows fairly efficient splicing (9), whereas others have
shown that this upstream cryptic TACTAAG is used for
branch formation, albeit inefficiently, only if the actin ICS is
deleted (6) or contains a C-to-A transversion at the third
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FIG. 3. Analysis of reverse transcriptase products synthesized

from RNA using a TK-specific primer. A, Primer extensions were
performed on total RNA with a primer that hybridizes to a TK
sequence immediately downstream from the actin-TK fusion junc-
tion (TK primer in B). The numbers on the right refer to the
positions of radiolabeled, pBR322 Hinfl restriction fragments. Ab-
breviations: P, M, and L, expected bands that correspond to cDNA
products from primary transcript, mature mRNA, and lariat inter-
mediate, respectively. Lanes: parental, RNA from PY-88 trans-
formed with the unmutated plasmid; ICS-6G, RNA from an intron
mutant that accumulates mostly lariat intermediate (9); U, RNA
from an untransformed strain. In addition to the expected cDNA
products, premature termination products originating from mainly
primary and mature transcript are also observed. Approximately
equal amounts of RNA were used as template for reverse transcrip-
tase. B, The lengths of expected cDNA product derived from
primary transcript (P), lariat intermediate (L), and mature mRNA
(M) are indicated. The remaining symbols and designations are as in
Fig. 1.
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FIG. 4. Identification of the 2' internal branch point in lariat intermediates. A, Primer extension reactions were carried out as indicated
in the legend to Fig. 3, and the products were coelectrophoresed with end-labeled products of dideoxy sequencing reactions (lanes A, G, C,
and T) with the same TK primer (see panel B). The bold-lettered sequence to the left represents the RNA template; the complementary strand
is the DNA sequence which can be read from the autoradiogram (0). L indicates the expected position of a cDNA derived from normal
parental lariat intermediate. L-12, -19, -21, and -34 indicate the L cDNAs from the deletion mutants; a comparison of the sequencing lanes
and primer extensions demonstrates that each L cDNA is shortened by the exact size of the deletion (small arrows originating from dideoxy
sequencing lanes point to L cDNAs that terminate at the same position). This figure demonstrates that the cryptic TACTAAG is not used as
a branch point by any of these mutants (a cryptic L cDNA in the deletion mutants would be 14 nucleotides longer than that observed; the
expected position for a cryptic L cDNA in a nondeletion mutant is indicated by a small square adjacent to a band in the C sequencing lane
on the left). B, The long arrow indicates the cDNA product derived from lariat intermediate (it terminates at the final nucleotide of the
TACTAAC sequence); *, position of the ICS within the intron. The remaining designations are as in Fig. 1.

position (39). Other ICS mutations prevent use of the up-
stream TACTAAG (9, 39). This inefficient use of the up-
stream TACTAAG sequence (6, 39), as compared with the
relatively efficient use of a TACTAAG mutation at the ICS
(9), suggests that subtle changes in sequence context may
effect the recognition of a potential branchpoint. The data of
Pikielny and Rosbash (28) demonstrate that alterations ad-
jacent to either the 5' conserved junction sequence or the
ICS can dramatically effect the efficiency of stage 1. How-
ever, the analysis described in this paper demonstrates that
certain sequence context changes (and deletions) near the
ICS have no apparent effect on splicing (Fig. 1 through 3).

DISCUSSION

Several mutations were made downstream of the
TACTAAC ICS in the actin intron of a yeast actin-HSV TK
fusion gene. Most of the mutations in this region, those
between the ICS and the 3' junction, had no measurable
effect on in vivo splicing. The two exceptions were mutant
3'-2G, +2C, which contains two point mutations near the 3'
junction, and mutant 3'RA34, which contains only eight
nucleotides (instead of 42 nucleotides) between the ICS and
the 3' junction. For these, particularly mutant 3'-2G, +2C,
lariat intermediate RNA accumulates relative to mature
mRNA (Fig. 2 and 3). In addition, both of these mutants
accumulate a small amount of primary transcript (Fig. 2 and
3). These observations indicate that stage 2, cleavage at the

3' junction and ligation of exon 1 to exon 2, is less efficient in
these two mutants and suggest that stage 1, cleavage at the 5'
junction and formation of the 2'-5' branch, is only slightly
hindered. Our criteria for demonstrating an effect on stages
2 and 1 are based on a two-step kinetic model that we
described previously (9), which is an extension of a splicing
scheme originally proposed by Pikielny and Rosbash (28).
Briefly, the steady-state level of mature transcript relative to
lariat intermediate mirrors the efficiency of stage 2 pro-
cesses, whereas the steady-state level of mature transcript
relative to pre-mRNA mirrors the efficiency of stage 1
processes. The validity of the ratio of mature transcript to
pre-mRNA as a measure of stage 1 efficiency is dependent on
certain assumptions (9). Therefore, in the present discus-
sion, our conclusions with respect to an effect on stage 1 are
based solely on an absolute increase in the level of primary
transcript.

Several lines of evidence now demonstrate that the mech-
anism by which the branch point in a mammalian intron is
chosen differs from that for a yeast intron. Although 3'
junction cleavage does not occur until stage 2 of splicing, in
vitro analyses of higher eucaryotic splicing have demon-
strated that 5' junction cleavage and branch formation are
dependent on prior recognition of the 3' consensus splice site
(PYNAG), particularly the polypyrimidine region, by a
spliceosome component (10, 31, 34). For yeast, in contrast,
Rymond and Rosbash (38) have shown in vitro that efficient
stage 1 splicing processes can still occur in the absence of
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exon 2, the 3' junction, and the final 18 nucleotides of the
yeast rp5lA2 intron, demonstrating that the 3' AG junction is
not required for efficient production of the lariat intermedi-
ate. The primary transcript used for this in vitro study,
however, retained approximately 37 nucleotides down-
stream of the TACTAAC sequence, including a pyrimidine
tract of six nucleotides. Our analysis suggests that efficient
stage 1 and 2 processes do not require any specific actin
intron sequences between the TACTAAC and AG con-
served sequences; an exception may be the TT dinucleotide
that is two and three nucleotides upstream from the 3'
conserved junction sequence, since these nucleotides are
present in all mutants. Although a polypyrimidine tract in the
3' region is probably dispensable, we are aware of data that
suggest that a pyrimidine-rich sequence upstream from the
ICS is necessary for efficient splicing (A. Newman, personal
communication).

In contrast to higher eucaryotes and as originally proposed
by Langford and Gallwitz (19), recognition of the 3' junction
in yeast probably occurs after recognition of the TACTAAC
sequence. Although we and others (38) conclude that se-
quences downstream of the ICS are not important for the
bond cleavage and formation events in stage 1, two muta-
tions that we have examined, 3'-2G+, +2C and 3'RA34, do
slightly hinder stage 1 processes. We suggest that these two
mutations cause a slight inhibition by interfering with normal
assembly or altering a conformation within the complex.
Although the data of Cellini et al. (5) suggest that stage 1
processes in yeast remain efficient even when 66 or 123
nucleotides of pBR322 sequences are inserted immediately
downstream of the actin TACTAAC sequence, a truncation
of the 66-nucleotide insertion mutant (leaving 38 nucleotides
of foreign sequences downstream from the ICS) did result in
a strong inhibition of stage 1 in vitro. We suggest that the
above truncation, rather than missing a required substrate
sequence, may simply contain an inhibitory sequence that is
masked in the 66-nucleotide insertion mutant. Our results
and those of Rymond and Rosbash (38) demonstrate that
intron sequences downstream of the ICS are not required for
formation of the lariat intermediate.

S. cerevisiae and higher eucaryotes use different mecha-
nisms for the selection of the eventual branch point and the
3' junction. Therefore, it is not surprising that the observed
ranges in spacing between these sequences may differ for
lower and higher eucaryotes. Previous studies indicate that
an A lying between 18 and 37 nucleotides upstream from the
3' junction is used for formation of a lariat branch point in
higher eucaryotes (31, 35). Selection of the 3' junction in
yeast is less constrained; examination of yeast introns se-
quenced to date indicates that distances between the
TACTAAC and AG sequences range from 7 to 136 nucleo-
tides (20, 30; P. Schatz, personal communication). However,
since relative splicing efficiencies for yeast genes have not
been reported, we cannot exclude the possibility that varia-
tions in splicing efficiency could reflect variations in this
spacing.

Since the selection of the AG that defines the 3' junction
appears to occur after lariat formation in yeast (38), it is not
surprising that changes in spacing that affect splicing also
interfere with stage 2 processes in particular. A 66- or a
123-nucleotide insertion (5) or a 34-nucleotide deletion (mu-
tant 3'RA34; 8 nucleotides remaining) in this region of the
actin intron causes an accumulation of the lariat intermedi-
ate, but little or no increase in primary transcript levels.
Mutational analysis of the conserved intron sequences has
demonstrated that the integrity of the first and second

nucleotides of the 5' consensus sequence, GTATGT, and the
branch point, TACTAAC, are also particularly important for
efficient use of lariat intermediate (9, 25) as is the conserved
3' junction dinucleotide (mutant 3'-2G,+2C in Fig. 1
through 3; (39).
These observations indicate that after the formation of the

lariat intermediate, recognition of the substrate RNA by
components of the yeast spliceosome must change in some
manner such that spacing and certain conserved nucleotides
now become more significant. Two possibilities, as previ-
ously proposed (5), are that a conformational change within
the spliceosome may occur or additional factors may assem-
ble in the spliceosome. Although these alternatives are not
mutually exclusive, the latter is strengthened by the obser-
vation in vitro that only stage 1 processes occur in specific
extract fractions, but full splicing can be reconstituted if an
additional fraction is added (7).
Although we have not identified the 3' junction used for

splicing in mutant 3'-2G,+2C, both the size of the mature
transcript (Fig. 3) in this mutant and the positive phenotype
observed under TK-dependent growth conditions (data not
shown) suggest that the GG dinucleotide is recognized as a 3'
junction, albeit less efficiently. In contrast, a comparable
mutation in a human A globin gene prevents 3' junction
cleavage entirely (31). Mutant 3'RSCC also contains two GG
dinucleotides, neither of which is used as a junction; pre-
sumably these cannot compete with an AG dinucleotide for
recognition by a component of the spliceosome. Since mu-
tant 3'-2G,+2C contains a transversion two nucleotides
inside exon 2, we cannot exclude the possibility that this
specific mutation might also contribute to the in vivo effects
on splicing. A similar double point mutation has been made
by others at the 3' junction of the actin intron, AC-AC, and
this junction is used very inefficiently (39).
Two mutations (ICS3'1C and 3'-3A) that we introduced

are transversions at intron positions that are either highly
conserved (TACTAACA) or completely conserved
(PyAG/3'). We could detect no effect on splicing for either of
these mutations (Fig. 2 and 3). This is an unexpected result
for the conserved pyrimidine adjacent to the conserved 3'
AG sequence. However, observations similar to this have
been made for transversions at the first and second positions
of the ICS, TACTAAC (9, 14). As has been proposed
previously (28), presumably a mutation at these conserved
positions confers a disadvantage on yeast in a natural
habitat, and selective pressures would maintain only cells
with optimally spliced introns.

ACKNOWLEDGMENTS

We are grateful to Shane Climie for the preparation of the
oligonucleotides used for the mutagenesis. We thank Laurie Ros-
siter for editorial assistance and Sara Petersen-Bj0rn and Deborah
Field for comments on the manuscript.

This work was supported by the National Cancer Institute of
Canada.

LITERATURE CITED
1. Beaucauge, S. L., and M. H. Caruthers. 1981. Deoxynucleoside

phosphoramidites-a new class of key intermediates for
deoxypolynucleotide synthesis. Tetrahedron Lett. 22:1859-
1862.

2. Breathnach, R., and P. Chambon. 1981. Organization and ex-
pression of eukaryotic split genes coding for proteins. Annu.
Rev. Biochem. 50:349-383.

3. Brody, E., and J. Abelson. 1985. The 'spliceosome': yeast
pre-messenger RNA associates with a 40S complex in a splicing
dependent reaction. Science 228:963-967.

VOL. 7, 1987 229



230 FOUSER AND FRIESEN

4. Casadaban, M., and S. Cohen. 1980. Analysis of gene control
signals by DNA fusion and cloning in Escherichia coli. J. Mol.
Biol. 138:179-207.

5. Cellini, A., E. Felder, and J. J. Rossi. 1986. Yeast pre-messenger
RNA splicing efficiency depends on critical spacing require-
ments between the branchpoint and 3' splice site. EMBO J.
5:1023-1030.

6. CeHlini, A., R. Parker, J. McMahon, C. Guthrie, and J. Rossi.
1986. Activation of a cryptic TACTAAC box in the Saccharo-
myces cerevisiae actin intron. Mol. Cell. Biol. 6:1571-1578.

7. Cheng, S.-C., and J. Abelson. 1986. Fractionation and charac-
terization of a yeast mRNA splicing extract. Proc. Natl. Acad.
Sci. USA 83:2387-2391.

8. Domdey, H., B. Apostol, R.-J. Lin, A. Newman, E. Brody, and J.
Abelson. 1984. Lariat structures are in vivo intermediates in
yeast pre-mRNA splicing. Cell 39:611-621.

9. Fouser, L. A., and J. D. Friesen. 1986. Mutations in a yeast
intron demonstrate the importance of specific conserved nucle-
otides for the two stages of nuclear mRNA splicing. Cell
45:81-93.

10. Frendewey, D., and W. Keller. 1985. Stepwise assembly of a
pre-mRNA splicing complex requires U-snRNPs and specific
intron sequences. Cell 42:355-367.

11. Gallwitz, D. 1982. Construction of a yeast actin gene intron
deletion mutant that is defective in splicing and leads to the
accumulation of precursor RNA in transformed yeast cells.
Proc. Natl. Acad. Sci. USA 79:3493-3497.

12. Grabowski, P. J., S. R. Seiler, and P. A. Sharp. 1985. A
multicomponent complex is involved in the splicing of messen-
ger RNA precursors. Cell 42:345-353.

13. Himmelfarb, H. J., E. Maicas, and J. D. Friesen. 1985. Isolation
of the SUP45 omnipotent suppressor gene of Saccharomyces
cerevisiae and characterization of its gene product. Mol. Cell.
Biol. 5:816-822.

14. Jacquier, A., J. Rodriguez, and M. Rosbash. 1985. A quantita-
tive analysis of the effects of 5' junction and TACTAAC box
mutants and mutant combinations on yeast mRNA splicing. Cell
43:423-430.

15. Jacquier, A., and M. Rosbash. 1986. RNA splicing and intron
turnover are greatly diminished by a mutant yeast branch point.
Proc. Natl. Acad. Sci. USA 83:5835-5839.

16. Keller, E. B., and W. A. Noon. 1984. Intron splicing: a con-
served internal signal in introns of animal pre-mRNAs. Proc.
Natl. Acad. Sci. USA 81:7417-7420.

17. Keller, W. 1984. The RNA lariat: a new ring to the splicing of
mRNA precursors. Cell 39:423-425.

18. Klinz, F.-J., and D. Gallwitz. 1985. Size and position of inter-
vening sequences are critical for the splicing efficiency of
pre-mRNA in the yeast Saccharomyces cerevisiae. Nucleic
Acids Res. 13:3791-3804.

19. Langford, C. J., and D. Gallwitz. 1983. Evidence for an intron-
contained sequence required for the splicing of yeast RNA
polymerase II transcripts. Cell 33:519-527.

20. Langford, C. J., F.-J. Klinz, C. Donath, and D. Gallwitz. 1984.
Point mutations identify the conserved, intron-contained
TACTAAC box as an essential splicing signal sequence in yeast.
Cell 36:645-653.

21. Lin, R. J., A. J. Newman, S.-C. Cheng, and J. Abelson. 1985.
Yeast mRNA splicing in vitro. J. Biol. Chem. 260:14780-14792.

22. McNeil, J. B., and J. D. Friesen. 1981. Expression of the Herpes

simplex virus thymidine kinase gene in Saccharomyces cerevi-
siae. Mol. Gen. Genet. 184:386-393.

23. McNeil, J. B., R. K. Storms, and J. D. Friesen. 1980. High
frequency recombination and the expression of genes cloned on
chimeric yeast plasmids: identification of a fragment of 2-,um
circle essential for transformation. Curr. Genet. 2:17-25.

24. Mount, S., and J. Steitz. 1984. RNA splicing and the involve-
ment of small ribonucleoproteins. Mod. Cell Biol. 3:249-297.

25. Newman, A. J., R.-J. Lin, S.-C. Cheng, and J. Abelson. 1985.
Molecular consequences of specific intron mutations on yeast
mRNA splicing in vivo and in vitro. Cell 42:335-344.

26. Padgett, R. A., M. M. Konarska, P. J. Grabowski, S. F. Hardy,
and P. A. Sharp. 1984. Lariat RNA's as intermediates and
products in the splicing of messenger RNA precursors. Science
225:898-903.

27. Parker, R., and C. Guthrie. 1985. A point mutation in the
conserved hexanucleotide at a yeast 5' splice junction uncou-
ples recognition, cleavage, and ligation. Cell 41:107-118.

28. Pikielny, C. W., and M. Rosbash. 1985. mRNA splicing effi-
ciency in yeast and the contribution of non-conserved se-
quences. Cell 41:119-126.

29. Pikielny, C. W., and M. Rosbash. 1986. Specific small nuclear
RNAs are associated with yeast spliceosomes. Cell 45:869-877.

30. Pikielny, C. W., J. L. Teem, and M. Rosbash. 1983. Evidence for
the biochemical role of an internal sequence in yeast nuclear
mRNA introns: implications for Ul RNA and metazoan mRNA
splicing. Cell 34:395-403.

31. Reed, R., and T. Maniatis. 1985. Intron sequences involved in
lariat formation during pre-mRNA splicing. Cell 41:95-105.

32. Rodriguez, J. R., C. W. Pikielny, and M. Rosbash. 1984. In vivo
characterization of yeast mRNA processing intermediates. Cell
39:603-610.

33. Rosbash, M., P. K. W. Harris, J. L. Woolford, Jr., and J. L.
Teem. 1981. The effect of temperature-sensitive RNA mutants
on the transcription products from cloned ribosomal protein
genes of yeast. Cell 24:679-686.

34. Ruskin, B., and M. R. Green. 1985. Role of the 3' splice site
consensus sequence in mammalian pre-mRNA splicing. Nature
(London) 317:732-734.

35. Ruskin, B., J. M. Greene, and M. R. Green. 1985. Cryptic
branch-point activation allows accurate in vitro splicing of
human ,B-globin intron mutants. Cell 41:833 844.

36. Ruskin, B., A. R. Krainer, T. Maniatis, and M. R. Green. 1984.
Excision of an intact intron as a novel lariat structure during
pre-mRNA splicing in vitro. Cell 38:317-331.

37. Ruskin, B., C. W. Pikielny, M. Rosbash, and M. R. Green. 1986.
Alternative branch points are selected during splicing of a yeast
pre-mRNA in mammalian and yeast extracts. Proc. Natl. Acad.
Sci. USA 83:2022-2026.

38. Rymond, B. C., and M. Rosbash. 1985. Cleavage of 5' splice site
and lariat formation are independent of 3' splice site in yeast
mRNA splicing. Nature (London) 317:735-737.

39. V}iayraghavan, U., R. Parker, J. Tamm, Y. Iimura, J. Rossi, J.
Abelson, and C. Guthrie. 1986. Mutations in conserved intron
sequences affect multiple steps in the yeast splicing pathway,
particularly assembly of the spliceosome. EMBO J. 5:1683-
1695.

40. Zeitlin, S., and A. Efstratiadis. 1984. In vivo splicing products of
the rabbit ,3-globin pre-mRNA. Cell 39:589-602.

MOL. CELL. BIOL.


