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ABSTRACT

Introns have typically been discovered in an

ad hoc fashion: introns are found as a gene is characterized for other

reasons. As complete eukaryotic genome sequences become available, better methods for predicting RNA process-
ing signals in raw sequence will be necessary in order to discover genes and predict their expression. Here we
present a catalog of 228 yeast introns, arrived at through a combination of bioinformatic and molecular analysis.

Introns annotated in the

Saccharomyces Genome Database (SGD) were evaluated, questionable introns were re-

moved after failing a test for splicing in vivo, and known introns absent from the SGD annotation were added. A novel
branchpoint sequence, AAUUAAC, was identified within an annotated intron that lacks a six-of-seven match to the
highly conserved branchpoint consensus UACUAAC. Analysis of the database corroborates many conclusions about
pre-mRNA substrate requirements for splicing derived from experimental studies, but indicates that splicing in yeast
may not be as rigidly determined by splice-site conservation as had previously been thought. Using this database and

a molecular technique that directly displays the lariat intron products of spliced transcripts (intron display), we
suggest that the current set of 228 introns is still not complete, and that additional intron-containing genes remain to
be discovered in yeast. The database can be accessed at http://www.cse.ucsc.edu/research/compbio/yeast_

introns.html.
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INTRODUCTION

Much about eukaryotic genome organization has been
revealed since the completion of the nuclear genome
sequence for Saccharomyces cerevisiae. The set of
genes carried by yeast numbers about 6,000 (Dujon,
1996; Goffeau et al., 1996; Mewes et al., 1997), and
represents a model for understanding the evolution and
sustenance of the eukaryotic cell. Unlike most eukary-
otic genomes, the yeast genome has few introns. The
introns are smaller on average, usually limited to one
per gene in the few genes that carry them, are primarily
located near the 5’ end of the gene, and have highly
conserved splice sites and branchpoints (Fink, 1987;
Woolford, 1989; Rymond & Rosbash, 1992). Why study
yeast introns if their number and distribution are so
skewed relative to what is observed in higher eukary-
otes? Since spliceosomal introns are a uniquely eu-
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karyotic genomic feature that obscures our ability to
decipher the coding potential of genomes, it is useful to
have a “simple” starting point for extension to more
complex systems. Perhaps the few remaining introns
in yeast hold the key to why eukaryotes have them.
Despite the availability of the complete genome se-
quence, the annotation of yeast introns has been in-
complete, and it has been difficult for biologists to access
the data for analysis.

Since the last reviews of splicing in yeast (Woolford,
1989; Rymond & Rosbash, 1992), work by many lab-
oratories has shown that an expanded set of signals is
used to remove introns in yeast, thus making bioinfor-
matic identification of all yeast introns more challeng-
ing. Yeast introns have been annotated using a program
called EXPLORA (Kalogeropoulos, 1995), which relies
heavily on open reading frame (ORF) information to
predict introns. This feature makes it less likely to find
many natural introns which have nonconsensus splice
signals or do not lie within ORFs (Kalogeropoulos, 1995).
Intron detection will be an even greater problem in the
human genome, because of its higher intron content
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and more poorly conserved intron signals. In addition
to computer analysis, molecular approaches will be nec-
essary for confirming predictions and for finding new
introns.

The first to attempt a global accounting of yeast in-
trons were Rodriguez-Medina & Rymond (1994), who
compared the in vitro translation products of RNA from
a heat-treated, temperature-sensitive splicing mutant
with an untreated control. After two-dimensional gel elec-
trophoresis, they found that 2—3% of the many hundred
protein spots detected required splicing for their trans-
lation. This number is consistent with the 228 anno-
tated introns in 6,000 ORFs (~4%), but at the time this
technique did not allow the identification of new introns.

We present here our initial efforts to identify and cu-
rate all yeast introns using a combination of bioinfor-
matic and molecular approaches. We have used pattern
searches for introns and developed a hidden Markov
model (HMM; Krogh et al., 1994) to build an aligned set
of introns and create a database of annotated introns
that is easily searchable and available to the scientific
community through the internet. This database has been
purged of seven questionable annotated introns that
failed a test for splicing. A number of introns not anno-
tated in the Saccharomyces Genome Database (SGD)
were added to our database. We have also developed
a molecular method for detecting expressed yeast in-
trons directly. This method, intron display, relies on a
sequence of nucleotides present only in expressed in-
trons. An oligonucleotide (a “branchmer”) spanning the
2'-5" junction of the lariat specifically primes reverse
transcription of intron lariats that accumulate in a yeast
mutant lacking the gene for the lariat debranching en-
zyme (Chapman & Boeke, 1991). When compared to
our annotated set of introns, we find displayed introns
whose lariat cDNA sizes do not correspond to any an-
notated introns, suggesting that the annotated set is
incomplete and that more introns and genes remain
hidden within the genome.

RESULTS AND DISCUSSION

Refining the database of annotated
introns from SGD

We obtained the July 1997 and July 1998 releases of
the annotated yeast genomic sequence from SGD.
Since the database is annotated for exons rather than
introns, we inspected all of the 228 ORFs annotated
to have two or more exons. Fourteen of these ORFs
had “introns” of only 2 nt between their exons, and
all are —1 frameshift sites within Ty transposable el-
ements (Wilson et al., 1986). These were removed.
The nuclear gene for mitochondrial ribosomal protein
L15 was annotated to have an intron of 153 nt be-
cause the sequence of the N-terminal protein frag-
ment is downstream of the putative start codon
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(Grohmann et al., 1991). However this putative intron
lacked an identifiable branchpoint or 3’ splice site.
Further analysis indicated a sequencing error; the cor-
rected sequence obviates the need to suppose an
intron (Kitikawa et al., 1997). Based on these results,
we eliminated YLR312w-a. Four of the remaining 213
ORFs have two introns for a total of 217 introns.
Genes with two introns are MATal (YCRO97w), YL8a/
RPL7A (YGLO76c), YL8b/RPL7B (YPL198w), and
DYNZ2/SLC1 (YDR424c) (see, respectively, Miller, 1984;
Mizuta et al.,, 1992; Mizuta et al., 1995; Dick et al.,
1996).

We then added 17 confirmed introns that were not
annotated in SGD. These include two introns in the
U3A and U3B snoRNA genes (Myslinski et al., 1990),
seven in the 5" untranslated regions (5’'UTRs) of mMRNAs
for RPS8a (YBL072c), RPS8b (YER102w), RPS31
(YLR333c), RPS31a (YGR027c), RPL30a (YGL031c),
RPL30b (YGR148c), COX4 (YGL187c) (Logghe et al.,
1994; Nieuwint et al., 1985; Mitra & Warner, 1984;
Baronas-Lowell & Warner, 1990; Schneider & Guarente,
1987, respectively), and an additional six introns in STO1
(YMR125w), UBC8 (YELO12w), UPF2 (YHRO77c),
GCR1 (YPLO75w), MOB1 (YIL106w), and ERV1
(YGR029w) (Uemura et al., 1996; Kaiser et al., 1994;
Cui et al., 1995; Tornow & Santangelo, 1994; Luca &
Winey, 1998; Lisowsky, 1996, respectively). Two new
introns which have recently been identified reside in
the genes for YRA1 (YDR318w; Portman et al., 1997)
and REC114 (YMR133w; Malone et al., 1997). This
brings the total to 234 introns in 230 genes. Molecular
tests of questionable introns (see below) have lead us
to remove six of these annotated introns for a total of
228. This refined intron database will be continuously
updatedandcanbeaccessedathttp://www.cse.ucsc.edu/
research/compbio/yeast_introns.html.

Molecular tests challenge the authenticity
of several unusual introns

We used the above set of intron sequences to create
an initial HMM (Krogh et al., 1994; Hughey & Krogh,
1996; http://www.cse.ucsc.edu/research/compbio/
sam.html), and aligned the set of annotated introns to
the model. The initial HMM was trained without exon
sequences, and identified the conserved 5’ splice site,
the branchpoint, and the 3’ splice site. Inspection of the
set of annotated introns aligned to the model revealed
that several introns lacked obvious consensus-like se-
guences or had unusually small 5’ splice site-to-
branchpoint distances. These include YDR535¢ and
CIN2 (YPL241c), which lack even a six-of-seven match
to the branchpoint sequence UACUAAC, as well as
five identical annotated introns found in the subtelome-
ric Y' regions of various chromosomes (YBL1llc,
YML133c, YLLO66¢, YLLO67c, and YHR218w), in which
the distance between the 5’ splice site and branch point
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is smaller than the suggested S. cerevisiae minimum of
about 40 nt (Thompson-Jager & Domdey, 1987; Kohrer
& Domdey, 1988).

We applied molecular tests to determine whether the
above annotated introns were functional. First, we asked
whether an intron could be detected by reverse tran-
scription and polymerase chain reaction (RT-PCR) in
RNA from vegetative haploid yeast cells. To exclude
the possibility that the sequence containing the test
intron was not transcribed under these conditions, we
cloned a segment of the genome spanning the test
intron into a high copy vector with a strong constitutive
promoter (pGAC, Lesser & Guthrie, 1993a), and eval-
uated splicing of the RNA produced in haploid cells
carrying the plasmids using direct primer extension
(Fig. 1). YDR535c¢ is annotated to have an intron of
255 nt to allow formation of a hypothetical ORF of 166
amino acids. This proposed intron lacks a good match
to the branchpoint consensus sequence UACUAAC.
Without the intron, YDR535c¢ would code for a 49 amino
acid protein. We were able to amplify the region by
RT-PCR on total RNA, indicating that this portion of the
genome is transcribed in haploid vegetative cells, yet
we did not detect splicing of the annotated intron (data
not shown). The region of the genome spanning the
intron was cloned, expressed at high levels, and no
splicing could be detected (Fig. 1, lane 4). Thus we
conclude that YDR535c¢ does not have this annotated
intron and we removed it from our intron database.

Next we tested introns annotated in the Y’ elements,
repeated sequences found in subtelomeric regions of
yeast chromosomes. Some Y’ family members contain
two large overlapping ORFs, one of which has homol-
ogy to the RNA helicase family of proteins (Koonin,
1991). Louis & Haber (1992) analyzed the transcription
and splicing of these elements using an RNase pro-
tection assay. Although they found that these loci are
transcribed, they did not detect any splicing in the re-
gions they tested. Five Y’ element family members are
annotated to have nearly identical introns with an un-
usual but not unique GCAUGU 5’ splice site only 33 nt
upstream of the proposed branchpoint. An RT-PCR as-
say verified their transcription in vegetative haploid cells,
but no splicing of this intron family was observed (data
not shown). We cloned a member of this family into the
high copy expression plasmid, but could not detect any
splicing of its transcript by primer extension (Fig. 1,
lane 2). This observation and the unusually short 5’
splice site-to-branchpoint distance suggests that these
five annotated introns are not real. We have removed
them from our database.

In the case of the non-standard intron in the CIN2
gene, splicing is observed. CIN2was isolated in screens
for mutants hypersensitive to the antimicrotubule drug
benomyl (Stearns et al., 1990), but there is no good
match to the branchpoint consensus sequence in the an-
notated intron. We cloned a region spanning the anno-
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FIGURE 1. Splicing of yeast introns. Arrows indicate reverse tran-
scription products from spliced RNA whereas dots indicate reverse
transcription products corresponding to unspliced pre-mRNA.
Lane 1: splicing of the CINZ intron; lane 2: Y’ element; lane 3: actin
intron; lane 4: YDR535c; lane 5: size markers.

tated intron into pGAC, and splicing of the intron is
detected (Fig. 1, lane 1). The abundance of CINZ tran-
scripts produced from this plasmid allowed us to map the
branchpoint directly. Primer extension using an oligo-
nucleotide complementary to the second exon produces
a strong stop at a cytidine residue within the intron
(Fig. 2, lane 5). This stop is not observed if the RNA is
treated with purified yeast debranching enzyme (Nam
et al., 1994) prior to reverse transcription, and a new
band corresponding to the 5" end of the debranched lin-
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FIGURE 2. Branchpoint mapping of the CIN2 intron by primer ex-
tension. Arrows indicate the bands corresponding to the reverse tran-
scription products of lariat-2nd exon RNA and debranched lariat-2nd
exon RNA. Reverse transcription products from spliced and un-
spliced RNA are also indicated on the right. The + refers to debranch-
ing at 30°C and — to debranching at 4 °C. The sequence on the left
indicates where the reverse-transcription stop occurs with the branch-
point sequence boldfaced. The branchpoint nucleotide is indicated
with an asterisk. Lanes 1-4 are a set of dideoxynucleotide sequenc-
ing reactions; lane 5 is a debranching reaction incubated at 4°C;
lane 6 is a debranching reaction incubated at 30 °C.

ear intron appears (Fig. 2, lane 6). The nucleotide se-
guence upstream of the debranching-sensitive primer-
extension stop is 5'-AAUUAAC-3’ (with the italicized
C the point of reverse transcription stop; Fig. 2, lanes
1-4), indicating that the underlined Ais the branched nu-
cleotide (Ruskin & Green, 1985, 1990). The sequence
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AAUUAAC differs from the consensus UACUAAC at the
first and third positions. These changes would disrupt
pairing between the first position of UACUAAC and A39
of yeast U2, but allow a G-U pair between G37 of U2 and
the third position of UACUAAC. This is the only exam-
ple of a natural yeast intron with two deviations from the
consensus branchpoint sequence.

Of the 228 introns currently in the database, approx-
imately 60 lack experimental evidence for their exis-
tence, and only half of these 60 have homology to
known proteins or protein families. This indicates that
further analysis will be necessary to determine which
of these represent true introns. The database can be
searched remotely by gene name, sequence, 5’ splice
site, branchpoint, or 3’ splice site. A table listing intron-
containing genes is linked to the SGD, MIPS, and Pro-
teome (YPD) web sites, and a page describing each
intron with links to Medline is available.

The extent of natural splice site flexibility

Analysis of the 228 member intron set derived from the
HMM alignment reveals that GUAUGU is the most com-
monly used 5’ splice site, with GUACGU second
(Table 1). The remaining 5’ splice sites found so far are
GUAUGA, GUAUGC, GCAUGU, GUAAGU, GUCAGU,
and GUUCGU. Only the first and fifth positions (gua-
nines) are invariant among all the annotated introns.
Less variability is seen in the branchpoint sequences of
the annotated set. Putative branchpoints were identi-
fied by the HMM, and in most cases remain to be con-
firmed. Of the 228 introns, 209 have UACUAAC
branchpoints (Table 1). The remainder, with few excep-
tions, vary only at the first position of the branchpoint:
GACUAAC, CACUAAC, and AACUAAC. There are
three examples of a UGCUAAC branchpoint, two with
UAUUAAC, and as shown above (Fig. 2), one with

TABLE 1. Types of various 5’ splice sites, branchpoints, and 3’ splice
sites and counts of each used in Saccharomyces cerevisiae. Also
listed are introns containing both an unusual 5’ splice site and an
unusual branchpoint.

5’ splice site number branchpoint number
GUAUGU 172 UACUAAC 209
GUACGU 26 CACUAAC 6
GUAUGA 11 GACUAAC 5
GUAUGC 8 UGCUAAC 3
GCAUGU 5 AACUAAC 2
GUAAGU 3 UAUUAAC 2
GUCAGU 2 AAUUAAC 1
GuuCGU 1

combinations of unusual sites 3’ splice sites
GUACGU+CACUAAC+YAG 2 UAG 116
GUACGU+GACUAAC+YAG 1 CAG 107
GUACGU+UACUAAC+AAG 1 AAG 5
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AAUUAAC. The last four positions of the branchpoint
sequence are invariant for all known examples. The
vast majority of 3’ splice sites are YAG (Y = pyrimi-
dine). The frequency of either U or C in the first position
is nearly 50%. There are five examples of AAG as a 3’
splice site (Table 1).

As expected, the most common combinations of 5’
splice site with branchpoint are GUAUGU and UAC
UAAC. However, combinations of less frequently used
5’ splice sites and branchpoints do occur (Table 1). For
example, the gene SUP46 uses a GUACGU 5’ splice
site and a GACUAAC branchpoint (Vincent & Liebman,
1992). There are also two examples of GUACGU and
CACUAAC combinations (in RPS9A/YPL081w and
YBR219c), although we have noted that YBR219c also
has a potential GACUAAC branchpoint. Of the five AAG
3’ splice sites, all use the most common branchpoint
and 5’ splice site except one (YGL226c¢-a), which uses
a GUACGU 5’ splice site (Reiss et al., 1997). The sam-
ple sizes of the rare splice site-containing introns are
too small to determine whether the appearance of un-
usual combinations is significant.

The catalog of natural splice site and branchpoints
identified in the culled intron database (Table 1) cor-
roborates studies in which intron sequence elements
were altered. For instance, mutations in the first and
fifth positions of the 5’ splice site (invariant Gs for all
naturally occurring yeast introns) adversely affect both
the efficiency of splicing and specificity of the first cat-
alytic step, whereas mutations at other positions have
less severe effects (Jacquier et al., 1985; Parker &
Guthrie, 1985; Fouser & Friesen, 1986; Seraphin et al.,
1988; Seraphin & Rosbash, 1989; Kandels-Lewis &
Seraphin, 1993; Lesser & Guthrie, 1993a). Branchpoint
mutations at positions not found to vary naturally are
the most detrimental to splicing efficiency (Jacquier
et al., 1985; Jacquier & Rosbash, 1986; Rain & Le-
grain, 1997, Luukkonen & Seraphin, 1997). The weak
effects of mutations at several positions in the 5’ splice
site and branchpoints, and the existence of natural in-
trons that use nonstandard signals (Table 1) indicate
that the yeast splicing apparatus has flexibility in splice
site usage. This flexibility is likely supported by addi-
tional nucleotides adjacent to the conserved sequences
or pre-mRNA secondary structures (see below), and
suggests that additional introns (and genes) may lie
undiscovered or are incorrectly annotated in the yeast
genome.

In general, the first YAG encountered after the branch-
point is expected to be the 3’ splice site (Fouser &
Friesen, 1987; Smith et al., 1993; reviewed in Umen
and Guthrie, 1995), however molecular experiments
suggest an optimum distance (Patterson and Guthrie
1991, Frank & Guthrie, 1992; Brys & Schwer, 1996;
Luukkonen & Seraphin, 1997; Zhang & Schwer, 1997).
The annotated dataset of yeast introns shows a distri-
bution of branchpoint to 3’ splice site distances with a
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mean of 39 nt (Fig. 3), in fair agreement with the ex-
perimental data of Luukkonen & Seraphin (1997), who
found an optimum distance of 23 nt for a modified RP51
intron. Many introns have a YAG sequence within 9 nt
of the branchpoint and a distal YAG that represents the
correct 3’ splice site, suggesting that YAG sequences
too near the branchpoint are not used. Two uncharac-
terized introns are annotated to have their 3’ splice
sites less than 9 nt from the branch, closer than the
closest confirmed spacing (MATal second intron is the
shortest at 10 nt), but these may not be correctly an-
notated. Nine annotated introns have branchpoint to 3’
splice site distances in excess of 100 nt. Some of these
have additional YAG sequences between the branch-
point and the annotated 3’ splice site. Studies using
reporter constructs indicate that U-rich sequences (Pat-
terson & Guthrie, 1991) or natural RNA structure down-
stream of the branchpoint (Deshler & Rossi, 1991) can
influence 3’ splice site selection in yeast. Thus bioin-
formatic approaches to intron detection must consider
multiple candidate 3’ splice sites and RNA structure.

Conserved context surrounding core
splicing signals

We have used the refined database to generate addi-
tional hidden Markov models describing the known fam-
ily of yeast introns (Fig. 4). Using 7 nt of exon at each
end and the complete intron collection as a learning
set, the model identifies the conserved 5’ splice site,
branchpoint, and 3’ splice site sequences, illustrated

80~

0

Number of Introns

o o o =3 = =3 =] L=}
- o = - n © ~ @ @
- o™ L - w © ~ @

91-100
101-125
126-155

Distance in Nucleotides from the Branchpoint
Nucleotide to the 3' Splice Site

FIGURE 3. Ahistogram representing the distance in nucleotides from
the branchpoint nucleotide to the 3’ splice site for all introns in the
annotated set. Each column is grouped by 10 nt except the last two
which are grouped by 25 nt.
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FIGURE 4. A hidden Markov model (HMM) for yeast introns. The annotated collection of introns was used as an initial
learning set to generate this probabilistic model of yeast introns. A node in the model (hode number indicated in the circle
of each node) represents a nucleotide column in a multiple sequence alignment. As one proceeds through the model
(starting at BEGIN) there is a defined probability of moving to the next defined state either within the same node or to the
next node. The box represents the “consensus match” state, the diamond represents the “insert” state, and the circle and
dashed lines represent the “delete” state. The thickness of the lines between states represent the probability of the indicated
transition. Bars next to the nucleotides in the match state indicate the probability distribution of the nucleotides in that state.
VLR1-4 indicate the positions of variable length regions (VLRs) which indicate positions at which arbitrary numbers of
nucleotides may be inserted. Sequences can be compared to the model, and their scores can be evaluated relative to

known introns.

by the bar graphs of nucleotide probabilities within the
match states at each node (boxes in Fig. 4). Although
not all yeast introns have one (Woolford, 1989; Ry-
mond & Rosbash, 1992), a polypyrimidine tract is de-
tected as a reasonably conserved sequence of U
residues between the branchpoint and the 3’ splice site
(Fig. 4). No other primary sequence motifs are globally
conserved in the intron database.

Biased nucleotide distributions in the sequences ad-
jacent to the conserved core signals are observed that
may be of functional significance. In 41% of the anno-
tated introns, a uridine follows the 5’ splice site (see
Fig. 4). The significance of this observation is unclear
since it does not extend the base pairing potential to
either U1 or U6 snRNAs (but see below). A uridine also

precedes the branchpoint sequence with a frequency
of 65% and an A follows this sequence in nearly 66% of
all 228 introns (Fig. 4), trends which have been identi-
fied previously (Parker et al., 1987; Rain & Legrain,
1997). The mechanistic roles of these nucleotides have
not been tested rigorously; however the A at the end of
the branchpoint could potentially base pair to U2 sShnRNA
(Parker et al., 1987), and the preceding U may act by
binding trans-acting factors, such as the Mud2 protein
(Rain & Legrain, 1997; and reviewed in Staley & Guth-
rie, 1998) or the branchpoint binding protein BBP1 (Berg-
lund et al., 1997). An adenosine precedes the YAG in
55% of the annotated introns.

The HMM also identifies a preference for AAAG pre-
ceding the 5’ splice site. This preference is not strong
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and many introns lack these residues. On average, the
three A nucleotides occur with a 50% frequency and
the G with a 35% frequency. This observation is similar
to that observed by Gilbert's group (Long et al., 1998).
These nucleotides might be important for interacting
with the U-rich loop of U5 snRNA (Seraphin & Ros-
bash, 1990; O’'Keefe et al., 1996; and reviewed in Ares
& Weiser, 1995) or enhancing binding of the first exon
to PRP8 protein (Teigelkamp et al., 1995). In summary,
the extended conservation surrounding these signals
is represented by the model as AAAG/GUAUGUU for
the 5’ splice site, UUUACUAACAA for the branchpoint,
and AYAG for the 3’ splice site. The development of a
probabilistic model of yeast introns will serve as a use-
ful search tool as well as a reference point for the analy-
sis of introns in other genomes. Using these data,
mechanistic hypotheses (for example the possibility that
A residues in the first exon may stabilize interactions
with U5 or PRP8) can be developed and tested as well.

Covariation between variant 5
and a nearby residue

" splice sites

Additional information can be extracted by searching
for significant covariations in the data. One example
with a credible mechanistic explanation involves the
known dual requirement of the 5’ splice site sequence
for recognition by base pairing first by Ul (Seraphin
et al., 1988; Siliciano & Guthrie, 1988) and then by U6
(Kandels-Lewis & Seraphin, 1993; Lesser & Guthrie,
1993b). The U1-5" splice site pairing in most introns
has a non-Watson—Crick U-U apposition at position 4
in the 5’ splice site. U6 pairs with conserved G5 as well
as to positions 4 and 6 (Kandels-Lewis & Seraphin,
1993; Lesser & Guthrie, 1993b). In the variant 5’ splice
site GUACGU, position 4 is changed from U to C, de-
stabilizing the interaction with U6 (Fig. 5). Compensat-
ing for this loss is the appearance of an A residue 1 nt
downstream of the 5’ splice site (position 7) in a sig-
nificant proportion (73%) of introns lacking U at posi-
tion 4 (Fig. 5). The covariation of 5’ splice site position
4 (U versus C) with position 7 (not A versus A) is very
significant (y? = 21, degrees of freedom = 1, P <
0.001). The change from U to A at position 7 in this
subset of introns probably stabilizes the U6 interaction
and shifts its location by 1 nt. Other covariations that
exist in the data may not be as easy to explain mech-
anistically, but their presence and description will allow
better intron prediction from raw sequence data and
may provide new insight into splicing mechanisms.

The distribution of yeast intron sizes

The length distribution of yeast introns, as seen in Fig-
ure 6, is bimodal with one peak around 100 nt and
another near 400 nt. This trend has been observed
since the earliest compilations of introns (Parker & Pat-
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outlined nucleotides indicate nucleotides which can potentially base
pair to one 5’ splice site but not the other.

terson, 1987; Hawkins, 1988; Woolford, 1989; Rymond
& Rosbash, 1992; Rodriguez-Medina & Rymond, 1994).
The largest intron is 1,001 nt (DBP2) and the smallest
is 52 nt (MATal intron 2). A major class of intron-
containing genes is that encoding ribosomal proteins,
translation factors, and factors involved in ribosome
biogenesis. Approximately one third of all annotated
introns reside in the genes coding for ribosomal pro-
teins. These introns tend to be larger than introns re-
siding in the genes of nonribosomal proteins. This
phenomenon was also evident in earlier work (Parker
& Patterson, 1987; Hawkins, 1988; Woolford, 1989; Ry-
mond & Rosbash, 1992; Rodriguez-Medina & Rymond,
1994), and persists in the data derived from the com-
plete genome. A few of the ribosomal introns might be
large because they harbor snoRNAs. For example,
SNR39, SNR59, SNR44, SNR38, U18, and U24 are
encoded within the introns in the ribosomal protein or
translation elongation factor genes YL8A, YL8B,
RPS22B, TEF4, TEF1, and BEL1/ASC1, respectively
(Bachellerie et al., 1995; Qu et al., 1995; Villa et al,,
1998). Another possibility is that the presence of in-
trons in these mMRNAs may generally regulate their ex-
pression and subsequently affect ribosome biogenesis
with an impact on growth rate (Li et al., 1996). Several
examples of autoregulation through signals carried in
introns are now known in yeast (Vilardell & Warner,
1997; Li et al., 1996; Barta & Iggo, 1995). Nonetheless,
these two observations do not account for the abun-
dance of introns in ribosomal protein genes or the un-
usual size distribution.
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FIGURE 6. The length distribution of introns. Introns residing in genes for ribosomal proteins are indicated with hatched
columns. All other introns are designated by black columns. Columns are grouped by 20 nt.

Larger introns, like those in ribosomal protein genes,
have the capacity to form secondary structures which
might bring the intron elements into closer proximity
(Parker & Patterson, 1987). Disruption of these poten-
tial base pairings inhibits splicing efficiency (Newman
1989; Goguel & Rosbash, 1993; Libri et al., 1995; Char-
pentier & Rosbash, 1996; Howe & Ares, 1997), and can
lead to exon skipping in multi-intron transcripts (Howe
& Ares, 1997). Approximately 25% of the introns greater
than 125 nt have obvious potential to form a helix that
would bring the 5’ splice site close to the branchpoint
(data not shown). Other introns (e.g., YDR450w, ribo-
somal protein S18A) that appear to lack a simple paired
structure have the potential to form two helices, or more
elaborate structures that have the same effect (data
not shown). Thus no matter the gene in which they
reside, the possibility that secondary structure within
large introns may influence their splicing must be
considered.

Molecular detection of expressed introns
by intron display

It would be advantageous to the task of identifying the
introns of a particular organism if they could be de-

tected directly from extracts, regardless of their geno-
mic organization. We have developed a simple primer-
extension assay that can detect expressed intron lariats
in yeast. The primer used for cDNA synthesis (a “branch-
mer”) is typically short, about 15—-20 nt, and is comple-
mentary to the sequence created when the 5’ splice
site is joined to the branchpoint sequence of the lariat
(spanning the 2'-5" phosphodiester bond). Reverse tran-
scription products from the branchmer are obtained only
with RNA isolated from yeast lacking the gene for the
debranching enzyme (dbr1A, Chapman & Boeke, 1991).
This intron display technique is illustrated schemati-
cally in Figure 7A.

Reverse transcription of the actin lariat with the actin
branchmer is shown in Figure 7B. RNAisolated from the
dbrlA strain (Fig. 7B, lane 2), or the dbrIA strain car-
rying a high copy plasmid overexpressing a transcript
containing the actin intron (Fig. 7B, lane 3), gives two ma-
jor reverse-transcription products using the actin branch-
mer as a primer: a minor one of ~260 nt and a major
one approximately 10 nt larger (Fig. 7B, lanes 2—3). The
lengths of the products correspond to a complete cDNA
of the lariat, and a complete lariat cDNA with 10 addi-
tional nucleotides expected if strand displacement syn-
thesis were to occur past the 5’ end of the branchmer
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up to the branchpoint 2’-5’ linkage. These products are
not detectable when RNA from the wild-type DBR1 strain
is used as a template (Fig. 7B, lane 1). The template for
these products is branched intron lariats rather than un-
spliced RNA based on the size of the cDNA and the ob-
servation that the signal decreases dramatically with
prior treatment of the RNA with HeLa extract containing
debranching activity (Ruskin & Green, 1985, 1990;
Fig. 7B, right panel, lanes 1-4). Thus, expressed actin
intron lariats can be detected directly in RNA from the
dbr1A mutant strains, but not in wild-type DBR1 strains
using the actin branchmer.

Detection of nonoverlapping sets of introns
with different branchmers

Although the 20-nt actin branchmer allows specific de-
tection of a desired target lariat, genome-wide studies
would benefit from detection of many expressed in-
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FIGURE 7. A: Schematic representation of intron display. Stable
lariats from the dbrIA strain are reverse transcribed with a branch-
mer primer that spans the 2'-5' phosphodiester linkage of 5’ splice
site and branchpoint. The « denotes the 2'-5" bond in lariats. Its
inclusion in the branchmer sequence is for alignment purposes only.
B: Intron display with the actin intron. The left panel shows display
with the actin branchmer using DBR RNA (lane 1) or dbr1A RNA that
was isolated with (lane 3) or without (lane 2) the 2 w actin plasmid.
The right panel is the display with (lanes 2 and 4) prior treatment of
the RNA with a debranching HelLa extract at 30 °C or at 4 °C (lanes 1
and 3). The + refers to incubation at 30°C and — to incubation at
4°C. The arrows indicate bands of 260 and 270 nt. The 2 u actin
plasmid has a 6-nt deletion in its intron relative to the wild type.

trons with as few branchmers as possible. We de-
signed additional branchmers with the aim of detecting
families of introns having the same 5’ splice site and
branchpoint. Preliminary studies (not shown) indicate
that branchmers with one randomized position on the
5" end and two on the 3’ end (64-fold degenerate)
allow efficient reverse transcription of lariats. We then
tested several branchmers designed to display intron
families (Fig. 8). The Type | branchmer (complemen-
tary to 5’NNUACUAA*GUAUGUN, N = any nucleo-
tide) primes few products using wild-type DBR1 RNA
as a template (Fig. 8, lane 1), but primes many prod-
ucts using dbr1A RNA (Fig. 8, lane 2), suggesting that
the branchmer detects many, if not all, of the expressed
yeast introns spliced through the use of the standard 5’
splice site and branchpoint. The size distribution of cDNA
products is bimodal, with the largest concentration
around 300 nt and a second less abundant population
around 100 nt (not shown), consistent with the anno-
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FIGURE 8. Intron display with branchmers designed to detect mul-
tiple expressed introns. Four branchmers were used separately for
display with dbriA or DBR RNA. Type | branchmer is complementary
to 5’NNUACUAA*GUAUGUN (lane 1: DBR RNA; lane 2: dbr1A RNA).
Type IA is complementary to 5’"NNNACUAA*GUAUGUN (lane 3:
DBR RNA; lane 4: dbrlA RNA). Type Igl is complementary to
5'NUGACUAA*GUAUGUN (lane 5: DBR RNA; lane 6: dbr1A RNA),
and Type Il is complementary to 5’"NNUACUAA*GUACGUN (lane 7:
DBR RNA; lane 8: dbr1A RNA). M (lane 9) contains size markers.

tated intron set (see Fig. 6). The Type Il branchmer
(complementary to 5’"NNUACUAA*GUACGUN, the ma-
jor variant 5’ splice site) produces a less complex, non-
overlapping set of products (Fig. 8, lanes 7 and 8),
suggesting that the Type | and Type Il branchmers each
detect different subsets of expressed introns (Fig. 8,
compare lane 2 with lane 8). The Type Igl branchmer
is complementary to NUGACUAA*GUAUGUN (recog-
nizes GACUAAC branchpoints preceded by a U, 16-
fold degenerate) and produces many cDNAs unique to

M. Spingola et al.

dbr1A RNA (Fig. 8, lanes 5 and 6). The set of bands
from the Type Igl primer is clearly different from the
Type | or Il sets, indicating that different branchmers
prime specifically on different sets of introns.

When we compare the introns displayed by the Type
Ig1 branchmer, we find signals not accounted for by the
annotated intron database, suggesting that a number
of introns using the GACUAAC branchpoint remain un-
discovered. There are five introns annotated with GAC
UAAC branchpoints, and there are roughly 10 dbrl1A-
specific signals larger than the abundant products
derived from the SNR17A intron at 145-150 nt (identity
of the band confirmed by blotting nonradioactive branch-
mer cDNAs and radiolabeled U3 RNA; data not shown).
One of the annotated five, RPS9B, has the GUACGU
5’ splice site and is not expected to be detected by the
Type Igl primer. Two others, SNR17B and YBR230c,
would give products shorter than 142 nt and are likely
obscured by incomplete cDNAs primed on the abun-
dant SNR17A lariats. Of the ~10 signals, only two can
be accounted for, YRA1 at about 746 nt and possibly
YBR219c, whose branchpoint may have been incor-
rectly identified by the HMM (as CACUAAC), but which
could use a GACUAAC branchpoint to produce a 388-nt
lariat. Thus we can detect as many as eight undiscov-
ered introns that utilize a GUAUGU 5’ splice site and a
GACUAAC branchpoint. Since display depends on ex-
pression, this estimate is limited to genes expressed in
vegetative MATa (haploid) cells.

Toward a complete accounting of yeast
spliceosomal introns

The complete genome sequence of yeast has been
available for more than two years, and as yet we have
no comparable accounting of intron sequences. Al-
though yeast has few introns, the genomes of other
eukaryotes will present more serious interpretational
challenges. By simple pattern searching or with more
complex hidden Markov models, we have analyzed the
annotated set of genes with more than two exons in the
SGD. A number of annotations are unusual and mo-
lecular tests for splicing did not confirm their authen-
ticity. We have concluded at this point that they are not
bona fide introns. There still remain another 30 introns
which lack any functional characterization, and another
30 which are annotated based solely on the resulting
homology to known proteins or protein families once
the predicted intron is removed from the hypothetical
ORF. These observations stress the need to improve
upon in silico methods of genome analysis, and more
importantly, the requirement for molecular confirmation
of computer-generated annotations. The improved an-
notation and accessibility of the yeast intron data should
be a resource for future studies of splicing. The intron
display technique outlined here should expedite mo-
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lecular validation and genome-wide detection of ex-
pressed introns in yeast.

MATERIALS AND METHODS

Strains and oligonucleotides

A dbr1::HIS3 strain of S. cerevisiae was created by trans-
forming (Rothstein, 1991) with a dbr1::HIS3 DNA fragment (a
gift from J. Boeke). The resulting strain, HI201, is otherwise
isogenic to the DBR strain HI227 (MATa, GAL2, ura 3-52, leu
2-3,112, trpl, lys2A, his3A, pep4-3, prbl, prcl). Gene dis-
ruption was verified by Southern analysis (data not shown).
Oligonucleotides were synthesized by Cruachem and have
the following sequences where N represents an equimolar
mixture of all 4 nt: Actin branchmer: 5'TAGAACATACTTAG
TACATG; Type I: 5’NACATACTTAGTANN; Type IA: 5'NA
CATACTTAGTNNN; Type Igl: 5’NACATACTTAGTCAN; and
Type Il: 5’NACGTACTTAGTANN. The E. coli strains DH5«
and XL1-Blue were used for cloning.

Cloning

Genes with unusual or questionable introns from our anno-
tated set were amplified by polymerase chain reaction (PCR;
Saiki et al., 1988) from genomic preparations of yeast DNA
(Philippsen et al., 1991). Primers were targeted to exon bound-
aries such that the entire intron and approximately 30 base
pairs of each flanking exon were included (sequences avail-
able upon request). Amplifications were performed in 100 L
of 10 mM tris (pH 8.3 at 25°C), 50 mM KClI, 1.5 mM MgCls,
0.01% gelatin with 0.5 uM of each primer, 500 ng DNA, and 1
unit of Vent DNA polymerase (New England Biolabs). Prod-
ucts were phenol/chloroform extracted, ethanol precipitated,
and digested with restriction enzymes whose only sites were
located in the 5’ end of the primers. The digested PCR prod-
ucts were then directionally cloned by standard methods (Sam-
brook et al., 1989) into a 2 u pGAC (Lesser & Guthrie, 1993a)
vector. The resulting plasmids used a glyceraldehyde
3-phosphate dehydrogenase promoter and a phosphoglucoki-
nase terminator for transcription when introduced by trans-
formation into S. cerevisiae. Transformants were plated on
selective media, and RNA was isolated from liquid cultures by
the hot phenol method as described in Zavanelli & Ares (1991).

Splicing analysis

Splicing of each of the cloned introns in vivo was analyzed by
primer extension on total RNA using a 5'-radiolabeled primer
(the PCR primer) complementary to the second exon followed
by polyacrylamide gel electrophoresis. Typically, 5-10 ug of
total RNA were annealed to 200 pg of 5’ 32P-labeled primer in
10 L of 50 mM Tris (pH 8.0)/80 mM KCI by first heating the
sample to 90 °C for 2 min and then slowly cooling from 65 °C
to 42 °C. To the annealed mix were added 10 uL of 50 mM Tris
(pH 8.0), 80 mM KCI , 20 mM MgCl,, 10 mM dithiothreitol
(DTT),0.2mM dNTP, 100 ng actinomycin D, and 20 U of AMV
reverse transcriptase. Reactions were incubated at 42 °C for
30-60 min and terminated by adding 10 uL of 0.6 M NaOAc
(pH 5.0), 60 mM EDTA, 1 ng/mL RNase A with further incu-
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bation for 10 min at 42 °C. To this were added 10 uL of 0.6 M
NaOAc (pH 5.0), 0.2% SDS, 20 ug proteinase K and it was in-
cubated for another 10 min at 42 °C. Samples were then pre-
cipitated on dry ice after the addition of 3 volumes of ethanol.
Precipitates were centrifuged 5 min at 14,000 rpm, the super-
natants were removed, and the pellets were dried. Pellets were
redissolved in 3 uL of water and 3 ulL of formamide/20 mM
EDTA/0.25% bromophenol blue and xylene cyanol and then
denatured for 5 min at 90 °C. The reverse transcription prod-
ucts were electrophoresed through 0.4-mm thick, 20-cm long
6% polyacrylamide, 7.5 M urea gels. Gels were dried and ex-
posed to X-ray film overnight at —70°C.

Potential splicing of the YDR535c and the Y’ introns was
also assessed by reverse transcription PCR (RT-PCR) using
RNA from the DBR1 strain. All steps were performed as above,
except that the RNA was treated with DNAse | prior to re-
verse transcription, and half an RT reaction was directly used
for PCR after inactivating the reverse transcriptase at 65°C
for 10 min. The RNase, protease, and precipitation steps
were omitted. The PCR products were analyzed by conven-
tional agarose electrophoresis.

Branchpoint mapping

The branchpoint of the CINZ2 intron was mapped by primer
extension using total RNA isolated from dbr1A containing
pGCIN2. The reverse transcription products were electropho-
resed parallel to a dideoxynucleotide sequencing reaction
(Sanger et al., 1977) of the plasmid pGCIN2 using the same
phosphorylated primer (second exon) as for reverse tran-
scription. The 2'-5" linkage at the branchpoint nucleotide
results in a primer-extension stop at the nucleotide preceding
the branchpoint nucleotide. RNA was also treated with puri-
fied recombinant debranching enzyme (a gift from the Boeke
laboratory) to debranch the CINZ lariat. Ten micrograms of
RNA were added to 0.5 uL of enzyme (93 mg/mL) in 15 ulL
of 20 mM HEPES-KOH (pH 8.0), 125 mM KCI, 0.5 mM MgCl,,
1 mM DTT, 15 mM EDTA, and 10% glycerol and incubated at
30°C for 30 min. Samples were then phenol/chloroform ex-
tracted and ethanol precipitated in 0.3 M NaOAc (pH 5.0) and
3 volumes of ethanol. The dried pellet was used for primer
extension as above.

Hela extracts were also used to debranch total RNA by the
method of Ruskin & Green (1985, 1990).

Intron display

With the exception of pilot experiments with the actin intron,
total RNA was isolated from yeast lacking any plasmids. RNA
from DBR1 and dbrlA strains of S. cerevisiae was reverse
transcribed as above using a 5’ radiolabeled branchmer
primer. All products were electrophoresed as above.

Bioinformatics

The July 1997 and July 1998 data from the SGD were ob-
tained at http://genome-www.stanford.edu/Saccharomyces.
All ORFs containing two or more exons were extracted and
inspected for correctness. The corrected set of 228 introns
was analyzed with a hidden Markov model (using SAM, avail-
able at http://www.cse.ucsc.edu/research/compbio/sam.html)
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to extract the globally conserved primary sequence motifs
and to create an alignment of the introns.

NOTE ADDED IN PROOF

A novel yeast 5’ splice site lacking a G at position 5 was
recently reported by Leu et al. (Leu JY, Chua PR, Roeder GS.
1998. The meiosis-specific Hop2 protein of S. cerevisiae en-
sures synapsis between homologous chromosomes. Cell
94:375-386.)
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