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We have surveyed intron-containing RNAs of the yeast Saccharomyces cerevisiae by filter hybridization with
pre-tRNA intron-specific oligonucleotide probes. We have classified various RNAs as pre-tRNAs, splicing
intermediates, or excised intron products according to apparent size and structure. Linear, excised intron
products were detected, and one example was isolated and sequenced directly. Additional probes designed to
detect other precursor sequences were used to verify the identification of several intermediates. Pre-tRNA
species with both 5’ leader and 3’ extension, with 3’ extension only, and with mature ends were distinguished.
From these results, we conclude that the processing reactions used to remove the 5’ leader and 3' extension
from the transcript are ordered 5’ end trimming before 3’ end trimming. Splicing intermediates containing the
5’ exon plus the intron were detected. The splice site cleavage reactions are probably ordered 3’ splice site
cleavage before 5’ splice site cleavage. Surprisingly, we also detected a splicing intermediate with the 5’ leader
and a spliced product with both 5’ leader and 3’ extension. Evidently, splicing and end trimming are not
ordered relative to each other, splicing occurring either before or after end trimming.

The biosynthesis of eucaryotic tRNAs requires several
RNA processing reactions. These include trimming of both
the 5’ leader and 3’ extension sequences of the primary
transcript, addition of the -CCAgy tail to form the mature
acceptor end, nucleoside modifications, RNA splicing in
some instances, and transport from the nucleus to the
cytoplasm. Most of these RNA processing reactions have
been studied to various levels of detail in vitro (reviewed in
references 7 and 24). Much less is known of these reactions
in vivo. Consequently, we have undertaken an examination
of the in vivo pre-tRNA processing pathway in the yeast
Saccharomyces cerevisiae.

At least 10 of the estimated 46 nuclear tRNA gene families
in S. cerevisiae contain intervening sequences (21, 46, 58; for
a recent compilation of S. cerevisiae tRNA sequences, see
reference 44b). The intervening sequences have remarkable
size and sequence similarity within a tRNA gene family yet
have little similarity among the 10 different tRNA gene
families (59). The intervening sequences range in size from
14 to 60 bp and are all located 1 bp 3’ of the anticodon
sequence. The intervening sequences are transcribed into
the primary transcript and removed by an RNA splicing
mechanism different from group I, group II, or pre-mRNA
splicing (11, 35, 50). We chose to study the in vivo process-
ing pathway of these tRNA genes since their processing
pathways would also include splicing events.

On the basis of Xenopus oocyte microinjection studies of
cloned S. cerevisiae tRNA genes (8, 9, 42, 43) and in vitro
experiments with S. cerevisiae and Xenopus partially puri-
fied and purified enzymatic activities (12, 29, 32, 45), a
generally accepted pathway for pre-tRNA processing has
been deduced. S. cerevisiae nuclear tRNA genes are tran-
scribed by RNA polymerase 111, yielding primary transcripts
with 5’ leaders, 3’ extensions, and in appropriate instances,
introns (reviewed in reference 17). The primary transcripts
lack -CCA(y tails and nucleoside modifications. Except for
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some nucleoside modifications, all of the processing reac-
tions occur in the nucleus (43, 44). The first RNA processing
reaction appears to be the endonucleolytic removal of the 5’
leader by RNase P (12, 37). The 3’ extension is subsequently
removed by a different nuclease activity(s) (3, 12, 15).
However, it is unclear whether the 3’ end trimming activity
is an endonuclease, exonuclease, or combination. Pre-
tRNAs with both 5’ leaders and 3’ extensions do not appear
to be substrates for the Xenopus 3’ end trimming activity (3).
Nucleotidyltransferase polymerizes the -CCAgy tail onto
end-trimmed pre-tRNAs, producing an end-mature form
(ptRNA) (10). The end-mature ptRNA is thought to be the
splicing substrate, and indeed the majority of in vitro pre-
tRNA splicing studies have used end-trimmed or end-mature
ptRNAs as substrates. These studies have demonstrated that
S. cerevisiae ptRNA splicing occurs in three separable steps.
The first step is the ATP-independent, endonucleolytic ex-
cision of the intron by pre-tRNA-splicing endonuclease (48,
49). In vitro, the ptRNA is cut first at the 3’ splice site and
second at the 5’ splice site (53). The reaction generates 2',3’
cyclic phosphates and 5’ hydroxyl groups. The S. cerevisiae
pre-tRNA-splicing endonuclease behaves as an integral
membrane protein and has recently been purified (48, 52a).
In the second step, tRNA ligase forms a new phosphodiester
bond between the two tRNA exons in an ATP-dependent
reaction that also leaves a 2’ phosphate at the splice junction
(19, 49). The 2’ phosphate is subsequently removed by what
appears to be an NAD"-dependent phosphatase (41, 41a).
The end-mature, spliced tRNA is transported from the
nucleus to cytoplasm either during or immediately after
splicing (42, 43). This deduced order of processing reactions
indicated that pre-tRNA processing occurred vectorially in
that the product of one reaction was the sole substrate for
the next reaction.

tRNA nucleoside modifications are added in a definite
order by Xenopus oocytes (44). However, analysis of S.
cerevisiae mutations that cause reduced modification of
specific tRNA nucleotides has demonstrated that the order
of nucleoside modification additions is not obligatory in vivo
(26, 36, 39).

Comparatively little is known of these RNA processing
reactions in vivo. Feldmann and co-workers observed at
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least 27 different RNA species from briefly radiolabeled S.
cerevisiae cells; these RNAs contained RNase T, oligonu-
cleotides characteristic of tRNAs (2, 14). These RNA spe-
cies were of the appropriate size to be tRNA precursors and
could be converted to tRNA-size molecules with S. cerevi-
siae extracts. More recently, filter hybridization analysis of
S. cerevisiae total RNA detected two pre-tRNA SerCGA
species of 104 and 120 bases and two pre-tRNA TyrGUA
species of 92 and 108 bases (27). The 92- and 104-base
species represent the end-mature, intron-containing ptR-
NAs, while the larger species were presumed to be primary
transcripts.

Analysis of S. cerevisiae pre-tRNA processing mutants
has so far given little insight into the in vivo pre-tRNA
processing pathway. Exclusive of nucleoside modification
mutations, 12 §. cerevisiae mutations or genes have been
identified that affect the pre-tRNA processing pathway
(rnal-1 [2S, 33], losl [28], RLG]1 [51], senl-I and sen2 [65],
STP1 [64], tpdl-tpd5 [63], and ptal-1 {44c]). For example,
the rnal-1 mutation results in the accumulation of end-
mature but unspliced ptRNAs under restrictive conditions
(25, 33). Of these mutations, only sen2-3 causes an appre-
ciable accumulation of an intron-containing species other
than end mature ptRNA (23). The SEN2 gene apparently
encodes one of the pre-tRNA-splicing endonuclease sub-
units (22a). The sen2-3 allele results in defective pre-tRNA-
splicing endonuclease activity that causes inefficient cleav-
age of the 5' splice site in vivo and in vitro. The so-called 2/3
intermediate that accumulates contains the 5’ exon and the
intron. tRNA ligase is encoded by the RLGI gene; condi-
tional loss of this activity results in the in vivo accumulation
of unspliced exons (50a). Several other mutations result in
the accumulation of end-mature but unspliced ptRNA yet
display no obvious defect in the known processing activities
(rnal-1, losl, and ptal-I), suggesting that this may be an
important control point in the processing pathway.

We have surveyed the pre-tRNA intron-containing RNAs
of S. cerevisiae by filter hybridization analysis of total RNA
extracted from log-phase cells. By using differential oligonu-
cleotide hybridization, size estimation, and primer extension
analysis, structures were assigned to several of the pre-
tRNA intron-containing species. Our results are consistent
with an in vivo pre-tRNA processing pathway in which end
processing is ordered 5’ end trimming before 3’ end trim-
ming. The 3’ splice site appears to be preferentially cut first
during splicing, and the intron is excised as a linear mole-
cule. Unexpectedly, we have found that splicing may occur
either before or after end trimming, at least for certain
pre-tRNAs.

MATERIALS AND METHODS

Strains. S. cerevisiae A364A (MATa adel ade2 gall his7
lys2 tyrl wural), X2180-1A (MATa gal2 mal mel CUPI
SUC2), M25 (relevant genotype +/+), and M304 (relevant
genotype rnal-1/rnal-1) were used for these experiments.
Cultures were grown in YPD medium (1% yeast extract, 2%
peptone, 2% glucose). Growth was monitored by optical
density readings at 660 nm.

Pre-tRNA, tRNA, and probe nomenclature. Pre-tRNAs,
tRNAs, and tRNA gene families are designated by their
cognate amino acid and the tRNA anticodon sequence
without base modifications, for instance, ptRNA SerCGA
and tRNA SerGCU. Specific pre-tRNA species, splicing
intermediates, and products are designated as shown in Fig.
1. Probes are designated also as shown in Fig. 1 except that
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FIG. 1. Schematic representation of hybridization probes and
pre-tRNA processing intermediates and products. Shown are dia-
grams for pre-tRNA intron-containing species (A) and spliced tRNA
species (B). Oligonucleotide hybridization probes are represented
by thin lines drawn above the pre-tRNA or tRNA regions to which
each is complementary. The shorthand notation for each kind of
probe is indicated; for different tRNA genes, the RNA is replaced
with the amino acid (and anticodon where necessary) designation for
that tRNA gene.

“RNA” is substituted with the cognate amino acid three-
letter code for the target tRNA in uppercase letters and with
the anticodon sequence in lowercase letters where neces-
sary. For example, the intron-specific probe for ptRNA
ProUGG is designated pPRO, and the intron-specific probe
for ptRNA SerCGA is designated pSERcga.

Nucleic acid preparation. Total RNA was isolated from S.
cerevisiae cells grown to mid-log phase in YPD (optical
density at 660 nm of 0.5 to 1.0) by phenol extraction. Cells
were harvested by pouring the culture onto crushed ice (70 g
of ice per 200 ml of culture), collected by centrifugation
(2,000 x g for 5 to 10 min at 4°C), and then washed in
ice-cold water. The cell pellet was resuspended on ice in 5 ml
of RNA extraction buffer (0.1 M sodium acetate [pH 5.2], 1%
sodium dodecyl sulfate [SDS], 20 mM EDTA, and 1%
2-mercaptoethanol added just before use) per 200 ml of
original culture volume. The cell suspension was transferred
on ice to another tube containing an equal volume of phenol
(with 0.1% 8-hydroxyquinolone and equilibrated with 0.1 M
sodium acetate [pH 5.2] and 1% 2-mercaptoethanol) and 1 g
of acid-washed glass beads per ml of phenol. This cell
suspension was vortexed vigorously, incubated at 65°C with
intermittent vortexing for 10 min, and then placed on ice for
10 min. The aqueous and phenolic phases were separated by
centrifugation (2,000 to 3,000 X g for 10 min at 4°C). The
aqueous phase was carefully removed without disturbing the
interface into another tube kept on ice. The aqueous phase
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was then phenol extracted as described above except that no
glass beads were used. The aqueous phase from the second
phenol extraction was then extracted with chloroform (24
parts chloroform to 1 part isoamyl alcohol) as described
above except that no glass beads were used. The aqueous
phase from the last extraction was ethanol precipitated, and
the RNA pellet was resuspended in 0.5 to 1.0 ml of diethyl
pyrocarbonate-treated water. The RNA concentration and
purity were determined spectrophotometrically. RNA prep-
arations typically had A,¢/A,g, ratios between 1.9 and 2.0.
RNA preparations with A,y/A,g, ratios less than 1.8 were
reextracted with phenol and chloroform until the A,¢/A,q,
ratio was greater than 1.8.

S. cerevisiae genomic DNA was isolated as described by
Cryer et al. (6). DNA was isolated from strain X2180-1A
grown to saturation in YPD medium. DNA concentration
was estimated by agarose gel electrophoresis and ethidium
bromide staining intensity relative to known standards.

Oligonucleotide synthesis, purification, and labeling. Oli-
gonucleotides were synthesized manually by using the
phosphotriester chemistry (1) or made with an Applied
Biosystems 380A automated DNA synthesizer. All oligo-
nucleotides were purified by preparative polyacrylamide gel
electrophoresis. Oligonucleotides were radiolabeled with T4
polynucleotide kinase (U.S. Biochemicals, Cleveland, Ohio)
and [y->2PJATP (6,000 Ci/mmol; New England Nuclear,
Boston, Mass.), using standard protocols (40). Unincorpo-
rated 32P was removed by applying the reaction mix to a
small DES2 column, with subsequent differential elution of
nucleotides from oligonucleotide or by G25 spin column
chromatography.

Polyacrylamide gel electrophoresis. Denaturing gels were
either 10% polyacrylamide (29 parts acrylamide to 1 part
bisacrylamide) and 8 M urea or 20% polyacrylamide (19
parts acrylamide to 1 part bisacrylamide) with 7 M urea.
Partially denaturing gels were 7% polyacrylamide (29 parts
acrylamide to 1 part bisacrylamide) and 4 M urea. Two-
dimensional gels were partially denaturing 7% polyacryl-
amide gels in the first dimension and 20% polyacrylamide (29
parts acrylamide to 1 part bisacrylamide) with 4 M urea in
the second dimension. All gels were run at room temperature
in a Hoefer SE600 or SE620 gel apparatus, using 1x TBE
(40) as the running buffer. Running conditions and amounts
of RNA used are indicated in the figure legends.

Filter hybridization analysis. For electrophoretic transfers,
polyacrylamide gels and Gene Screen were equilibrated in 25
mM sodium phosphate (pH 6.5) for 20 to 30 min. Transfers
were done in a Hoefer TE42 Transphor unit. The polyacryl-
amide gel-Gene Screen sandwich was made as instructed by
the manufacturer. Transfer of the RNA from the gel onto the
Gene Screen was done in 25 mM sodium phosphate buffer
(pH 6.5) with 0.25 to 0.5 A for 8 to 12 h at 20°C. RNA was
covalently attached to the Gene Screen by UV cross-linking
(4). The blot was then prehybridized in OHyB (1% SDS, 6x
SSPE [40], 100 pg of calf liver RNA per ml) for at least 4 h
at 37°C.

Blots were hybridized overnight at 37°C in fresh OHyB (50
wl/cm?) unless otherwise stated. At least 10 pmol of 32P-end-
labeled oligonucleotide per 10 pg of total RNA was used as
the hybridization probe. Blots were washed three times in
6x SSPE with 0.1% SDS at 25 to 37°C. Kodak XARS film
was used for autoradiography. Exposures were made at
room temperature without intensifying screens.

Blots to be hybridized with another probe were stripped in
TE7/SDS (10 mM Tris chloride [pH 7.0], 1 mM EDTA, 1%
SDS). A blot (15 by 15 cm) was placed in 1 liter of TE7/SDS
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TABLE 1. Oligodeoxynucleotide hybridization probes

Probe Sequence

Intron
pILE 5'-CCT GTT TGA AAG GTC TTT GGC ACA-3’
pILE-17mer 5'-CGG AAA CCG AAT GTT GC-3'
pLEUcaa 5'-CCC ACA GTT AAC TGC GGT C-3'
pLEUuag 5'-AAT TTA GAG GTT AAA TCC A-3'
pLYS 5'—ATC CTT GCT TAA GCA AAT GCG CT-3'
pPHE 5'-AAC TTG ACC GAA GTA TTT-3'
pPRO 5'-TGC TTT GTC TTC CTG TTT-3'
pSERcga 5'-AGC GAA CTT TTT TAT TCC A-3'
pSERgcu 5'-AAT TGC TTT TCT GAG GAA A-3’'
pTRP 5'-CCG TGG AAT TTC CAA GAT TT-3'
pTYR 5'-AAG ATT TCG TAG TGA TAA ATT ACA-3’
pTYR-14mer 5'-TTC GTA GTG ATA AA-3’

End
5'pILE 5'-CTA CAC GAG CAT TTT CGA AAG A-3'
3'pILE 5'-AAA AAG AG§ AAG TGC TCG AGG-3’
S'’pLEUcaa 5'-CCA AAC AAC CAC TTA TTT GTT GA-3’
3'pLEUcaa 5'-AAA AAA TTA TTG GTT GCT AA-3'
5'pSERcga 5'-GTG CCA TTT CGA TTT GAA A-3'
3'pSERcga 5'—~AAA AAT TAA ACG ACA CC-3'

Other
mplILE 5'-GCA CGA AGC TCT AAC CAC TGA G-3'
mILE 5'-CCG TCG CGT TAT AAG CAC G-3'
5'SIpILE 5'-CGA ATG TTG CTA TAA GCA CG-3’
3'SJpILE 5'-ACG GTC GCG TTG CTT TTA AA-3'

and heated to 95°C for 20 to 30 min. The TE7/SDS was
discarded, and the procedure was repeated. The blot was
then prehybridized and hybridized as described before.

Dot blots were made by using a Schleicher & Schuell
Mini-Fold apparatus and Gene Screen. The Gene Screen
filter was equilibrated in 25 mM sodium phosphate buffer
(pH 6.5) before sample application. DNA applied to the filter
was denatured by boiling in 0.2 N NaOH. Total RNA was
applied in 25 mM sodium phosphate buffer (pH 6.5). Hydro-
lyzed RNA was made by boiling in 0.2 N NaOH for 10 min
and was then applied to the filter. Nucleic acids were fixed
onto the filter with UV light. Dot blots were prehybridized
and hybridized as described above.

Hybridization probes. Sequences for the oligonucleotide
hybridization probes used in these experiments are shown in
Table 1. Probe nomenclature and the position at which each
probe hybridizes to its target tRNA are described above and
indicated in Fig. 1. Probes for tRNA IleUAU are based on
the two known tRNA IleUAU genes (46). The 5'pLEUcaa
and 3’'pLEUcaa probes were designed from the tRNA Leu-
CAA gene present in plasmid pJB-2k (31). The 5'pSERcga
and 3'pSERcga probes were designed from the tRNA Ser-
CGA gene present in plasmid pPM-5 (47). The pSERgcu
probe is based on the tRNA SerGCU gene present on
plasmid pYHS82 (58). Other probes were designed from the
ptRNA sequences summarized by Ogden et al. (46).

5.8S rRNA size markers. Size markers were made from S.
cerevisiae 5.8S rRNA purified by preparative polyacryl-
amide gel electrophoresis of total RNA. The 5.8S rRNA was
labeled at its 5’ end with T4 polynucleotide kinase and
[y-32P]ATP in an exchange reaction (40). Partial RNase T,
and U, reaction conditions were empirically determined.
Fragment sizes were determined from the 5.8S rRNA se-
quence (54, 55).

Primer extension analysis. S. cerevisiae total RNA (1 to 2
mg) from strain A364A was separated on a 10% denaturing
polyacrylamide gel (0.3 by 15 by 30 cm). The gel was cut into
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1- or 0.5-cm strips, and the RNA from each strip was crush
eluted. Each strip fraction was assayed for individual intron-
containing RNA species by filter hybridization with an
oligonucleotide probe. Intron-containing pre-tRNA IleUAU
species were partially sequenced by primer extension, using
Moloney murine leukemia virus reverse transcriptase (Be-
thesda Research Laboratories), dideoxynucleotides (Phar-
macia), oligonucleotide primers, and [a->?P]dATP (3,000
Ci/mmol; New England Nuclear). Primer extension reac-
tions were analyzed on denaturing 20% sequencing gels,
with subsequent autoradiography.

RESULTS

Survey of RNAs containing pre-tRNA introns. We have
used 3?P-labeled oligonucleotide probes to identify intron-
containing RN A species by filter hybridization analysis. The
PRNA probes are complementary to the intron sequences of
the 10 known pre-tRNA families (Table 1). It has previously
been shown that the hybridization conditions used are highly
specific (44a). Only hybridization to intron-containing RNA
sequences occurs. Total RNA isolated from two wild-type
strains, A364A and X2180-1A, was analyzed. These two
strains represent the most common yet diverse laboratory
S. cerevisiae genetic backgrounds. By analyzing these RNA
preparations in parallel, we hoped to identify both the
variation inherent in the extraction of RNA and any var-
iation due to genetic differences. Size markers and S. cere-
visiae total RNA were separated by denaturing polyac-
rylamide gel electrophoresis and then electrophoretically
transferred onto Gene Screen for hybridization analysis.
Filters were cut into lane-specific pieces, and each lane
except marker lanes was hybridized with a different pRNA
probe. The filter hybridization pattern of the higher-molec-
ular-weight intron-containing RNA species of A364A can be
seen in Fig. 2A; that for lower-molecular-weight species is
shown in Fig. 2B. The panels represent composites from
several autoradiographic exposures. The exposures were
chosen to show the major hybridizing species, and conse-
quently many minor species are not visible. Each pRNA
probe detected a characteristic set of pre-tRNAs and proc-
essing intermediates distinct for each tRNA gene family.
Different intron probes for the same pre-tRNA family de-
tected identical patterns of bands (data not shown). Results
obtained with X2180-1A total RNA were very similar (Table
2 and data not shown).

Intron-containing RNA sizes were estimated relative to
size markers derived from partial RNase T, and U, digestion
of 5.8S rRNA (Fig. 2, lanes M1 and M2). Linear regression
was used to calculate a best line for each blot on the basis of
predicted RNase T, and U, product sizes and the distances
migrated (Fig. 3 and data not shown). Intron-containing
RNA sizes were estimated from the best line and are
summarized in Table 2. We conclude that the size markers
reliably predict the sizes of the various intron-containing
RNAs with errors of no more than 1 or 2 bases. A more
complete discussion of these size estimates has been pre-
sented elsewhere (44b).

The precision of our RNA size estimates is limited by the
resolution of the electrophoresis system chosen, as demon-
strated by comparing the autoradiograph shown in Fig. 2
with that shown in Fig. 4. The 118-base 3’ ptRNA TrpCCA
species appeared as a single band in our initial survey (Fig.
2A, lane 9). When the RNA was separated in a gel twice as
long, at least three bands were resolved in that region (Fig.
4C). These RNAs appeared to differ by single-nucleotide
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steps over a range of 3 bases, the same range of sizes
indicated in Table 2 for this 3’ ptRNA species. Resolution
improvements can be seen for other RNAs as well. Some of
the size variation may be due to distinct initiation and
termination sites used by different genes of the same family,
or even heterogeneity of initiation and termination sites on
the same gene. Because of these limitations, accurate pre-
diction of transcription initiation and termination sites would
be difficult without additional, more direct transcript-map-
ping experiments.

We clearly saw numerous intron-containing RNAs in
growing cells for each tRNA gene family. While this finding
was not unexpected, we were surprised by the complexity of
some of the patterns. Previously, S. cerevisiae pre-tRNAs
had been detected in vivo by radioactive labeling (2, 14, 25,
33, 34). Most of the well-characterized examples are end-
mature, intron-containing ptRNAs. Larger species have
been detected by Northern (RNA) analysis and identified as
probable primary transcripts (27). It is curious that in vivo
labeling experiments failed to detect the more abundant
pre-tRNAs, such as the 128-base 5'3' ptRNA TrpCCA
species.

Identification of the end-mature ptRNAs. Each pRNA
probe detected a major hybridizing species of the appropri-
ate size to be the end-mature ptRNA (Table 2). These
species had the same electrophoretic mobility as purified
end-mature ptRNAs (44a). Two ptRNA ProUGG species
were detected of 100 and 103 bases. This heterogeneity is
probably due to intron size differences in this tRNA gene
family (46). On the basis of size estimates, 3 of the 10
ptRNAs appeared to lack the -CCAgy tail. They are ptRNA
IleUAU, ptRNA Pro-UGG, and ptRNA TrpCCA. This
observation suggests that -CCAgy tail addition may not be
necessary for pre-tRNA splicing.

We wanted to confirm that the species we had identified as
ptRNAs accumulated in rnal-1 mutant cells following a
temperature shift to 37°C. The RNA samples for this exper-
iment were prepared from either a wild-type diploid or an
rnal-1 homozygous diploid. Both strains were grown in rich
medium at 23°C and then shifted to 37°C before RNA
isolation. The pattern of intron-containing RNA species was
identical between the wild-type and rnal-1 strains from the
unshifted cultures (Fig. 4 and data not shown). The pattern
of intron-containing RNAs remained similar between the
two cultures after the temperature shift except that the
rnal-1 strain had more ptRNA, as expected (25, 33). In fact,
the ptRNAs were resolved in the unshifted cultures as a
mixture of species differing by a single base in mobility. We
suspect that this mixture of bands represents -CCAgy tail
polymerization intermediates. After the temperature shift,
both the wild-type and rnal-1 strains had less -CCAqy tail
polymerization intermediates and more end-mature ptRNA.
The temperature shift might temporarily slow splicing in
wild-type cells, thereby causing an accumulation of ptRNAs
with mature acceptor ends. Curiously, the accumulation of
ptRNAs seen in rnal-1 cells might be interpreted simply as
an exaggeration of the effect normally seen in wild-type
cells.

Identification of excised introns. Nine of the ten pRNA
probes also detected smaller RN A species of the appropriate
size to be excised introns (Fig. 2 and Table 2). From DNA
sequence analysis, the intervening sequence for both known
tRNA IleUAU genes is 60 bp (46). The fastest-migrating
species detected with the pILE probe was 60 bases (Fig. 1,
lane 1). We confirmed that this RNA was indeed the pre-
tRNA IleUAU intron by primer extension. S. cerevisiae
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FIG. 2. Survey of transcripts and processing intermediates detected with probes for intron-containing pre-tRNA genes. Total RNA was
isolated from S. cerevisiae A364A grown in YPD medium at 30°C. The RNA was separated by electrophoresis on a denaturing 10%
polyacrylamide gel (14 cm long) for 4 h at 400 V (A) or on a denaturing 20% polyacrylamide gel (14 cm long) for 7 hours at 200 V (B). Lanes
1 to 10 were loaded with 10 pg of RNA. 3?P-labeled size markers applied to lanes M1 and M2 were RNase T, and U, partial digestion products
of 5.8S rRNA, respectively. Selected size standards are indicated by their number of bases. After electrophoresis, the RNA was transferred
onto Gene Screen. Lanes cut from the filter were hybridized with different 32P-labeled probes. Lanes were probed with pre-tRNA intron
probes as follows: 1, [leUAU (pILE); 2, LeuCAA (pLEUcaa); 3, LeuUAG (pLEUuag); 4, LysUUU (pLYS); 5, PheGAA (pPHE); 6, ProUGG
(pPRO); 7, SerCGA (pSERcga); 8, SerGCU (pSERgcu); 9, TrpCCA (pTRP); 10, TyrGUA (pTYR). Lanes M1 and M2 were not hybridized
to any probe. Composites of several autoradiographic exposures are shown.

total RNA was fractionated by polyacrylamide gel electro-
phoresis. Each fraction was assayed for the various pre-
tRNA IleUAU species by Northern analysis with a pILE
probe. Sequencing was then performed on the fraction
containing the 60-base species, using the pILE probe as the
primer (Fig. 5). The primer was extended 24 bases to the
expected 5’ end of the excised intron, and the expected
complementary sequence was also evident. Appropriate
primer extension termination and no aberrant polyacryl-
amide gel mobility indicated that this RNA molecule has a
linear structure. We conclude that the 60-base species de-
tected with the pILE probe is the excised, linear pre-tRNA
IleUAU intron. By analogy, we infer that the RNA species

of the appropriate sizes detected with the other pRNA
probes are also excised, linear introns. The amounts of these
RNAs were reduced in rnal-1 cells shifted to a nonpermis-
sive temperature (data not shown), consistent with their
assignment as excised introns. No species of the appropriate
size was detected for the excised pre-tRNA Tyr-GUA in-
tron. Since the pre-tRNA TyrGUA intron is only 14 bases,
this is probably due to the technical limitations of identifying
such a small RNA molecule by filter hybridization.

More than a single band near the excised intron size was
detected by several of the pRNA probes. Two intron-size
species of 19 and 20 bases were detected with the pPHE
probe. Two different pre-tRNA PheGAA introns are known;
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TABLE 2. Pre-tRNA, processing intermediates, and end product sizes

MoL. CELL. BioL.

Size (bases)

tRNA Species Range
Estimated Predicted
A364A X2180-1A
IleUAU 5'3'ptRNA 145 143-146 141-145 ?
3'ptRNA ND“ ND ND ?
ptRNA 133 131-134 131-133 133-136°
5'-2/3 103 103-105 103-104 103
2/3 97 94-97 95-96 97
Intron 60 59-60 58-61 60
LeuCAA 5'3'ptRNA 132 132-134 132-134 ?
3'ptRNA 122 121-123 122-124 ?
ptRNA 117 115-117 116-118 114 (115)-117 (118)¢
5'-2/3 80 77 80-81 79-83¢
2/3 70 70 68-69 70 (71)
Intron 32 32-33 32-33 32 (33)
LeuUAG 5'3'ptRNA 119 118-121 119-121 ?
3'ptRNA 111 109-111 111-113 ?
ptRNA 104 101-105 102-105 101-104
5'-213 ND ND ND 6469
2/3 ND ND ND 57
Intron 19 19 19 19
LysUUU 5'3'ptRNA-A" 121 121-124 121-125 ?
5'3'ptRNA-B 116 115-120 117-119 ?
3'ptRNA 106 106-107 106-107 ?
ptRNA 99 96-99 96-98 96-99
5'-2/3 70 68-70 69-70 67-72
2/3 60 58-61 58-59 60
Intron 23,24 23-24, 24-25 23-24, 24-25 23
PheGAA 5'3'ptRNA 114 113-116 114-116 ?
3'ptRNA 101 101 101-103 ?
ptRNA 94 93-95 93-96 91 (92)-93 (94)
5'-2/3 ND ND ND 67 (68)-70 (71)
2/3 ND ND ND 55 (56)
Intron 19, 20 19, 20 19, 20 18 (19)
ProUGG 5'3'ptRNA-A 126 126-129 126-130 ?
5'3'ptRNA-B 117 117-118 117-119 ?
3'ptRNA 109 109-110 109-112 ?
ptRNAQ31) 103 101-104 100-104 103-106
ptRNA(Q27) 100 99-101 —- 100-103
5'-2/3 80 81 78-80 74 (71)-87 (84)
2/3 67 65-67 64-67 67 (64)
Intron 25, 26, 27, 29, 31 25, 26, 27, 29, 30-31 25, 26, 27, 29, 30 27, 31%
SerCGA 5'3'ptRNA 123 122-126 123-126 ?
3'ptRNA 111 110-112 111-113 ?
ptRNA 104 103-104 105-106 101-104
5'-2/3 68 68 68-69 66-72
2/3 56 53-54 5SS 56
Intron 19, 20 19, 20 19-20, 20-21 19
SerGCU 5'3'ptRNA-A’ 123 121-123 122-125 ?
5'3'ptRNA-B 120 118-120 121 ?
3'ptRNA 113 111-113 113-114 ?
ptRNA 104 104-105 103-106 101-104
5'-2/3 67 6667 6668 64-71
2/3 57 56-57 56-58 57
Intron 20, 21 20, 21 20, 21 20
TrpCCA 5'3'ptRNA 128 125-128 126-130 ?
3'ptRNA 118 117-119 118-121 ?
ptRNA 109 109-110 108-109 109-112
5'-2/3 80 83-86 79-80 76-81
2/3 70 67-69 68—69 70
Intron 34, 35 33-34, 34-35 34, 35 34

Continued on following page
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TABLE 2—Continued

Size (bases)

tRNA Species Range
Estimated Predicted
A364A X2180-1A
TyrGUA 5'3'ptRNA 109 108-111 109-113 ?
3'ptRNA ND ND ND ?
ptRNA 92 91-93 92-94 89-92
5'-2/3 ND ND ND ?
2/3 53 52-53 52-53 53
Intron ND ND ND 14
“ ND, Not detected.
& ptRNA sizes vary depending on addition of -CCAqy tail.
< Known to have a 6-base 5’ flank by primer extension.
4 Sizes enclosed in parentheses indicate variation due to intron length.
€ Size range of 5'-2/3 determined from size ranges of 5'3'ptRNA and 3'ptRNA.
f The A form of 5'3'ptRNA LysUUU is less abundant than the B form.
2 The two ptRNA ProUGG species were not clearly distinguished on this blot.
% The ptRNA ProUGG intron has at least five sequence variants with two different sizes.
‘ The A form of 5'3'ptRNA SerGCU is more abundant than the B form.
one is 18 bases, and the other is 19 bases. Two intron-size
RNA molecules were also detected with the pLYS, 24 g j i T j i ! i i

pSERcga, pSERgcu, and pTRP probes. For pre-tRNA
SerCGA, this intron size heterogeneity cannot be due to
intervening sequence differences, since tRNA SerCGA is
transcribed from a single-copy gene (13, 47). We believe that
these discrepancies result from the presence of both a 5’ and
a 3’ phosphate on the 5.8S rRNA size markers (causing
increased mobility of the smaller size markers) and possible
loss of the 3’ phosphate from the excised intron. Five
intron-size RNA species were detected with the pPRO
probe. Five different end-mature pre-tRNA ProUGG species
have been detected in rnal-I cells, and five different inter-
vening sequence variants of two different sizes (28 and 31 bp)
have been reported for the tRNA ProUGG family (46). In
this case, some of the intron size heterogeneity may be due
to gene variants not yet known.

Identification of end-extended pre-tRNAs. Each pRNA
probe detected one or more intron-containing RNA species
larger than its cognate ptRNA species. The pILE and pTYR
probes detected one larger species, the pLYS, pPRO and
pSERgcu probes detected three larger species, and the
remaining five pRNA probes detected two larger species (as
judged from the resolution of this gel system; Fig. 2). From
in vitro transcription and oocyte injection studies, we pre-
sumed these larger, intron-containing RNA species to be
primary transcripts (5'3'ptRNA) and end-processing inter-
mediates (3'ptRNA). We confirmed the structure of the
larger RNA species from three tRNA gene families by
differential hybridization. Oligonucleotide probes were de-
signed that could hybridize only to pre-tRNAs with a §'
leader (5'pRNA probes) or a 3’ extension (3'pRNA probes)
under appropriate hybridization and wash conditions. Probe
sequences were based on one gene sequence for each tRNA
gene family. Consequently, hybridization signals were not as
great for the 5'pRNA and 3'pRNA probes as for other
oligonucleotide probes. The pILE probe detected two major
pre-tRNA IleUAU species, the 133-base ptRNA and a
145-base species. The 145-base pre-tRNA IleUAU hybrid-
ized to both 5'pILE and 3'pILE probes (Fig. 6, lanes 1 and
2). The ptRNA IleUAU species did not hybridize to either
probe. Primer extension analysis demonstrated that the
133-base ptRNA IleUAU had the expected 5’ end of mature
tRNA IleUAU, while the 145-base pre-tRNA IleUAU spe-

log(bases)

5 6 7 8 9 i0 11 12 13 14 15
Distance Migrated (cm)

1.6

2.0 T T

log(bases)

1.0 I 1 N " N

3 4 5 6 7 8 9 10
Distance Migrated (cm)

FIG. 3. Calibration curves for molecular weight determination of
intron-containing RNAs. Sizes of fragments generated by partial T,
or U, digestion of 5.8S rRNA were determined from the published
sequence (54). The distance that each fragment migrated during
electrophoresis was measured from autoradiographs of the filters
onto which the fragments had been transferred. The logarithm of the
number of bases in each fragment was then plotted against the
distance that it had migrated. Linear regression was used to generate
the best line shown. (A) Calibration curve made from the size
markers shown in Fig. 2A; (B) calibration curve made from the size
markers shown in Fig. 2B. Size estimates of various pre-tRNA
intron-containing RNA species were made from these calibration
curves (Table 2).
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FIG. 4. Induction by heat shock of accumulation of fully end
mature ptRNA in both wild-type and rnal-1 cells. Total RNA was
extracted from M25 (wild-type) and M304 (rnal-I) cells grown in
YPD at 23°C or in YPD at 23°C and then shifted to 37°C for 30 min.
Samples (10 pg) of each RNA preparation were separated on a 10%
denaturing polyacrylamide gel (30 cm long) and transferred onto
Gene Screen. Four sets of RNA samples were used in parallel, each
set consisting of four lanes: 1, M25 RNA, 23°C culture; 2, M25
RNA, heat-shocked culture; 3, M304 RNA, 23°C culture; 4, M304
RNA, heat-shocked culture. Each set was hybridized with a dif-
ferent 3?P-labeled pre-tRNA intron probe: (A) pILE-17mer; (B)
pLEUcaa; (C) pTRP; (D) pTYR-14mer. For pTyr-14mer probe,
hybridization was done at 30°C before washing at room temperature.

LANE

ddNTP

[1T2T3Tals] -

Mot. CELL. BioL.

cies had a 6-base 5’ leader (data not shown). These results
indicate that the 145-base pre-tRNA IleUAU species is the
5'3'ptRNA IleUAU with a 5’ leader and 6-base 3’ extension.
Two intron-containing RNA species larger than the 104-base
ptRNA SerCGA were detected with the pSERcga probe.
The 123-base species hybridized to both a 5'pSERcga and a
3'pSERcga probe (Fig. 6, lanes 4 and 5). The 111-base
species hybridized to only the 3’pSERcga probe. The 104-
base ptRNA SerCGA hybridized to neither probe. This
finding indicates that the 123-base species is the 5'3'ptRNA
SerCGA and that the 111-base 3’ ptRNA SerCGA species
retains its 3’ extension but lacks a 5' leader. A similar
experiment done with 5S'pLEUcaa and 3'pLEUcaa probes
gave the same pattern of results (Fig. 6, lanes 7 to 9). In this
example, the 132-base pre-tRNA LeuCAA species is the
5'3’'ptRNA and the 122-base pre-tRNA LeuCAA is the
3’'ptRNA. By analogy, we have designated the other intron-
containing RNA species larger than their cognate ptRNAs as
either 5'3'ptRNAs or 3'ptRNAs. No evidence was found to
indicate that a pre-tRNA with a 5’ leader and lacking a 3’
extension exists in vivo for these three tRNA gene families.

Identification of splicing intermediates. The pILE probe
detected two intron-containing RNA species (103 and 97
bases) that had sizes between those of ptRNA IleUAU and
its excised intron. The 97-base species is of the appropriate
size to be a splicing intermediate consisting of the 5’ exon
and intron or 3’ exon and intron. Oligonucleotide probes
designed to hybridize specifically to intact splice sites
(5'SJIpILE and 3'SJpILE) were used to distinguish between

v S g i Fele S Vo W5 T B G T Yo S5 TR e G 2 L R W T A

/
-

K —
3’ -CGTTGTAAGCCAAAGGCTTCAAAGACACGGTTTCTGGARAGTTTGTCC-5" :PRIMER
INTRON: 5’-GCAACAUUCGGUUUCCGAAGUUUCUGUGCCAAAGACCUUUCAAACAGGCCUUUAAAAGCA-3’

C-DNA:

FIG. 5. Primer extension on pretRNA IleUAU excised intron. Total RNA prepared from strain A364A was fractionated by polyacrylamide
gel electrophoresis. The fraction containing a 60-base RNA that hybridized to the pretRNA IleUAU intron probe (pILE probe) was annealed
to an oligonucleotide complementary to nucleotides 61 to 85 of the tRNA IleUAU gene and extended with reverse transcriptase. These
reactions contained four deoxynucleoside triphosphates plus ddATP in lane 1, ddCTP in lane 2, ddGTP in lane 3, ddTTP in lane 4, or no

dideoxynucleotide (ddNTP) in lane 5.
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LANE 3§ 243 7:1:8=1-9
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FIG. 6. Demonstration that pre-tRNA processing to remove the 5’ leader and 3’ extension occurs in a definite order. Samples (10 pg) of
total RNA from S. cerevisiae A364A were separated by electrophoresis in a partially denaturing 7% polyacrylamide gel for 2.5 h at 200 V,
and the RNA was transferred onto Gene Screen. Lane-specific pieces of the filter were hybridized with different 32P-labeled probes in the lanes
as follows: 1, 5'pILE; 2, 3'pILE; 3, pILE; 4, 5'pSERcga; 5, 3'pSERcga; 6, pSERcga; 7, 5'pLEUcaa; 8, 3'pLEUcaa; 9, pLEUcaa. Size is

indicated by the number of bases.

these two possibilities. Total RNA isolated from strain
A364A was used in this experiment. RNA was isolated from
cultures grown at 23°C and grown at 23°C with a temperature
shift to 37°C for 30 min. The 5'SJpILE probe detected the
97-base species (Fig. 7, lanes 5 and 6). The 3’'SJpILE probe
detected only the 5'3'ptRNA and ptRNA IleUAU species
(lanes 3 and 4). This result indicates that the 97-base species
is a splicing intermediate consisting of the 5’ exon and intron
(2/3 molecule). Curiously, the 5'SIpILE probe also hybrid-
ized to the 103-base species. Since the 3'SJpILE failed to
detect the 103-base species, we assumed that this species
was extended at its 5’ end. The 5'pILE probe also hybridized
to the 103-base species (lanes 7 and 8). Primer extension
analysis confirmed that the 97-base 2/3 molecule had the
same 5’ end as the ptRNA IleUAU and that the 103-base
species had the same 5’ end as the 5'3’'ptRNA IleUAU (data
not shown). We believe the 103-base species is another
splicing intermediate consisting of the 5’ leader, 5’ exon, and
intron (5’-2/3 molecule). Pre-tRNA IleUAU splicing inter-
mediate abundance varied with growth conditions (Fig. 7;
compare lanes 1 and 2; 44b). Wild-type cells grown at 23°C
had more 5’-2/3 molecule than 2/3 molecule, whereas cells
that had been temperature shifted to 37°C had more 2/3
molecule than 5'-2/3 molecule. This result again suggests
that splicing is slowed in wild-type cells that have been
temperature shifted.

Intron-containing RN A species of appropriate sizes to be
2/3 molecules were identified with pRNA probes from seven
of the remaining nine tRNA gene families (Fig. 2 and Table
2). In six of the remaining nine tRNA gene families, RNA
species of the size appropriate for 5'-2/3 molecules were also
detected (Fig. 2 and Table 2). Though we did not detect a
splicing intermediate consisting of the intron and 3’ exon, we
cannot rule out the possibility that such an intermediate
exists at a low level for pre-tRNA IleUAU or even as the
major intermediate for other tRNA gene families.

Splicing can precede end processing. The 5'-2/3 molecule is
unexpected if pre-tRNA processing occurs in a strictly
vectorial manner. Identification of the pre-tRNA IleUAU
5'-2/3 molecule suggests that pre-tRNA splicing can precede
end processing. If the pre-tRNA IleUAU 5’-2/3 molecule is a

true splicing intermediate, then a spliced but end-extended
pre-tRNA (5'3’'mtRNA) should also be present. Filter hy-
bridization analysis of total RN A fractionated on two-dimen-
sional polyacrylamide gels was used to identify the
5'3'mtRNA IleUAU species. Four two-dimensional blots
were made in parallel. Each blot was hybridized with a

LANE 1 2 3 + 5 6 7 8
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FIG. 7. Identification of a novel pre-tRNA splicing intermediate.
Total RNA was isolated from S. cerevisiae A364A grown in YPD at
23°C or at 23°C and shifted to 37°C for 30 min prior to RNA
extraction. Samples (10 pg) of total RNA from each preparation
were applied to a partially denaturing 7% polyacrylamide gel and
separated by electrophoresis for 2.5 h at 200 V, and the RNA was
transferred onto Gene Screen. Even-numbered lanes contained
RNA from the 23°C culture; odd-numbered lanes contained RNA
from the temperature-shifted culture. Pieces of the filter containing
one lane of RNA from each preparation were hybridized with
different 32P-labeled probes as follows: 1 and 2, pILE; 3 and 4,
3'SJpILE; 5 and 6, 5'SJpILE; 7 and 8, 5'pILE. Size is indicated by
the number of bases.
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FIG. 8. Demonstration that pre-tRNA splicing and end processing are not ordered. Total RNA was isolated from S. cerevisiae X2180-1A
grown in YPD at 23°C and separated by two-dimensional polyacrylamide gel electrophoresis. For the first dimension, samples (10 pg) were
applied to a partially denaturing 7% polyacrylamide gel and separated by electrophoresis for 2.5 h at 200 V. For the second dimension, four
lane-specific pieces from the first-dimension gel were removed, and short 7% gels were cast around each. Partially denaturing 20%
polyacrylamide running gels were then cast on top of the first-dimension gel pieces. RNA was separated in the second dimension at 200 V
for 18 h. All four gels were run in parallel, and the RNA was transferred onto Gene Screen. The filters were hybridized with different
32p_labeled probes, autoradiographed, stripped free of radioactivity, and hybridized again until all seven probes were used. (A) mpILE; (B)
pILE; (C) 5'pILE; (D) 3'pILE; (E) 5'SJpILE; (F) 3'SIpILE; (G) mILE; (H) schematic summary of all species identified, spots 1 to 7 (Table
3). The first and second dimensions are indicated. Each filter was hybridized to the mpILE probe to ensure accurate alignment and RNA

retention after all probes were tested.

subset of oligonucleotide probes specific for tRNA IleUAU
gene products. Blots were hybridized with one probe at a
time and stripped of any previous probe before subsequent
hybridizations. Autoradiographs were made after hybridiza-
tion with each probe (Fig. 8). Finally, each blot was hybrid-
ized with the mpILE probe, which should detect any tRNA
IleUAU species containing the 5’ exon. The mpILE probe
detected the same pattern of six spots on all four blots (Fig.
8A and data not shown). These results were used for the
unambiguous assignment of spots and to ensure that all of
the RNA species survived on the filter through the several
rounds of hybridization and stripping. A total of seven spots
were reproducibly detected by one or more of the seven
probes (Fig. 8H). The hybridization reactions of the spots
are tabulated in Table 3. As expected, the pILE probe (Fig.
8B) detected the 5'3'ptRNA (spot 1), the ptRNA (spot 2), the
5'-2/3 molecule (spot 3), the 2/3 molecule (spot 5), and
excised intron (spot 7). All of the intron-containing RNAs
are displayed along a single diagonal. The mpILE probe
hybridized to six species (Fig. 8A): 5'3'ptRNA, ptRNA,
5’-2/3, 2/3, an abundant species migrating at the correct size
for mature tRNA IleUAU (spot 6), and spot 4. As expected,
the mpILE probe failed to hybridize to the excised intron.
Spot 4 migrated near the 5’-2/3 molecule in the first dimen-
sion but migrated somewhat faster than the 5’-2/3 molecule
in the second dimension. Spot 4 was not detected with the
intron probe. Neither spot 4 nor mature tRNA Ile migrated

on the same diagonal as the intron-containing RNAs, but
both would fall on a line parallel to that diagonal. This finding
suggests a similar secondary structure. As expected, the
S'’pILE probe hybridized to both the 5'3'ptRNA and the
5'-2/3 molecule (Fig. 8C). The 5'pILE probe also hybridized
to spot 4 (Fig. 8C), indicating that spot 4 contains the 5’
leader. The 3'pILE probe hybridized to the 5'3'ptRNA and
also to spot 4 (Fig. 8D). This result shows that spot 4
contains a 3’ extension like the 5'3'ptRNA. The 5'SJpILE
probe hybridized to 5'3'ptRNA, to ptRNA, and to 5’-2/3 and
2/3 molecules but did not hybridize to spot 4, mature tRNA

TABLE 3. Differential probe hybridization results
for tRNA IleUAU

Hybridization with given

Species oligodeoxynucleotide probes Description
plle mplle S'plle 3'plle 5'SJplle 3'SIplle mlile

Spot1l + + + + + + —  S5'3'ptRNA

Spot2 + + - - + — ptRNA

Spot3 + + + - + - 523

Spot4 — + + + - + 5'3'mtRNA

Spot5 + + - - + - 23

Spot6 — + - - - + mtRNA

Spot7 + - - - - — Intron
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IleUAU, or the excised intron (Fig. 8E). A small amount of
radioactivity was detected in the mature tRNA IleUAU
position with the 5S’SJpILE probe. This represents a small
amount of 5'SJpILE probe binding to mature tRNA Ile-
UAU. The 3'SIpILE probe hybridized only to the
5'3'ptRNA and ptRNA (Fig. 8F). Finally, a tRNA IleUAU-
specific probe (mILE) that spans the splice junction hybrid-
ized to both mature tRNA IleUAU and spot 4 (Fig. 8G). Spot
4 contains sequences from the pre-tRNA IleUAU D-stem
and D-loop region, the 5’ leader, the 3’ extension, and the
anticodon stem and loop region. Spot 4 does not have
sequences complementary to the pre-tRNA IleUAU intron
and lacks sequences wholly complementary to the 5’ or 3’
splice site. We conclude that spot 4 represents the
5'3'mtRNA, a spliced pre-tRNA IleUAU that retains both
the 5’ leader and the 3’ extension.

Another possibility exists for the source of spot 4 RNA.
This RNA could be the transcript from a related tRNA
IleUAU gene that does not contain an intervening sequence.
Different members of tRNA gene families often retain con-
siderable sequence similarity, even extending into the flank-
ing sequences (44b). Therefore, it is possible that probes
designed from sequences of tRNA IleUAU genes with
intervening sequences might hybridize to transcripts of
related tRNA Ile genes. Only one S. cerevisiae tRNA Ile
gene without an intervening sequence has been sequenced to
date, tRNA IleAAU (22, 52). The sequences of the tRNA
IleAAU and the tRNA IleUAU genes are sufficiently dif-
ferent that we would not expect any of the probes to
cross-hybridize. We also tested this possibility empirically.
S. cerevisiae genomic DNA and control samples were ap-
plied to Gene Screen and then hybridized with four different
probes (Fig. 9). With the mpILE probe, a positive signal was
detected for genomic DNA, plasmid DNA that contains a
tRNA IleUAU gene with an intervening sequence, and S.
cerevisiae total RNA; no signal was detected for the hydro-
lyzed RNA, as expected (Fig. 9, column A). The same
results were obtained with the pILE probe (column B). No
signal was detected with mILE probe for genomic DNA, the
plasmid DNA, or the hydrolyzed RNA (column C). This
result indicates that there is no sequence in the S. cerevisiae
genome complementary to the mILE probe. The mILE
probe did hybridize to total RNA, indicating that sequences
complementary to this probe do arise after RNA processing.
As a further control, we assayed for the tRNA SerCGA
gene, which is known to be single copy (13, 47). The
pSERcga probe gave a positive signal for the genomic DNA
and total RNA but not for the plasmid DNA or hydrolyzed
RNA (column D). We interpret this control experiment as
showing that there is less than a single copy of any tRNA
gene that could produce spot 4 RNA directly by transcrip-
tion.

Relative abundances of pre-tRNAs, splicing intermediates,
and products. We have estimated relative pre-tRNA abun-
dance on the basis of hybridization signal intensity from the
series of autoradiographic exposures used to make Fig. 2
(data not shown). This assessment assumes that the hybrid-
ization efficiency for each pRNA probe is about the same,
that X-ray film density is proportional to radioactivity and
exposure time, and that efficiencies of pre-tRNA binding to
Gene Screen are nearly equal. All of the pRNA probes were
labeled to the same specific radioactivity, and an excess of
probe over filter-bound RNA was used for hybridization.
Comparing between tRNA gene families, the order of de-
creasing abundance is (i) TrpCCA, (i) IleUAU, (ii)
ProUGG, (iv) TyrGUA, (v) LeuCAA, (vi) LysUUU, (vii)
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FIG. 9. Demonstration that all S. cerevisiae tRNA IleUAU
genes contain an intron. Samples of several different nucleic acid
preparations were applied to Gene Screen in defined areas and
hybridized with four different *?P-labeled probes. Samples (1 pg) of
genomic DNA from strain X2180-1A were applied to each dot of row
1; samples (10 pg) of pGKN-7 plasmid DNA (containing a cloned
tRNA IleUAU gene) were applied to each dot of row 2; samples (1
ng) of alkaline-hydrolyzed total RNA from strain X2180-1A were
applied to each dot of row 3; samples (50 pg) of total RNA from
strain X2180-1A were applied to each dot of row 4. Column A was
hybridized with the mpILE probe; column B was hybridized with
the pILE probe; column C was hybridized with the mILE probe;
column D was hybridized with the pSERcga probe.

SerGCU, (viii) SerCGA, (ix) LeuUAG, and (x) PheGAA.
The apparent range of abundance may span as much as
50-fold from the most to least abundant pre-tRNA set.

Within any ptRNA set, the relative amounts of
5'3'ptRNA, 3'ptRNA, and ptRNA can be estimated (Fig. 2).
There is relatively more 5'3’'ptRNA than ptRNA for Ile
UAU, LysUUU, and TrpCCA. The amounts of 5'3'ptRNA
and ptRNA are approximately equal for LeuCAA,
LeuUAG, ProUGG, and SerGCU. There is relatively less
5'3'ptRNA than ptRNA for PheGAA, SerCGA, and Tyr
GUA. For all pre-tRNA families, the relative amount of
5'3'ptRNA was greater than that of 3'ptRNA.

The relative abundances of the ptRNA splicing intermedi-
ates and products were also estimated. The relative order of
excised introns was, in decreasing abundance, (i) [leUAU,
(ii)) LysUUU, (iii) TrpCCA, (iv) ProUGG, (v) SerGCU, (vi)
SerCGA, (vii) LeuCAA, (viii) LeuUAG, and (ix) PheGAA.
It is possible that the smaller intron amounts are significantly
underestimated by this technique. The 2/3 splicing interme-
diate was most abundant for pre-tRNA IleUAU, followed by
TyrGUA and then TrpCCA. No 5'-2/3 splicing intermediate
was detected for pre-tRNA TyrGUA. The 5’-2/3 molecule of
pre-tRNA IleUAU was the most abundant, followed by
TrpCCA and LysUUU. Curiously, those tRNA gene fami-
lies with the most 5’-2/3 molecule also have more 5'3'ptRNA
than ptRNA. Since the relative amounts of the various
species represent steady-state levels, estimation of process-
ing kinetics is not possible.
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FIG. 10. Schematic representation of the two nucleolytic processing pathways used by pre-tRNA IleUAU.

DISCUSSION

The S. cerevisiae pre-tRNA processing pathway. One inter-
pretation of our results is summarized in Fig. 10, a schematic
diagram of two alternative pre-tRNA processing pathways
operating in vivo for S. cerevisiae. The two pathways are
designated end processing first and splicing first. The steps in
the end-processing-first pathway are (i) production of the
transcript by RNA polymerase III, (ii) 5’ end trimming by
RNase P, (iii) 3’ end trimming, (iv) addition of the -CCAqy
tail by nucleotidyltransferase, (v) cleavage at the 3’ splice
site by the pre-tRNA-splicing endonuclease, (vi) cleavage at
the 5’ splice site by the pre-tRNA-splicing endonuclease,
(vii) ligation of the two exons, (viii) removal of the 2’
phosphate, and (ix) transport from nucleus to cytoplasm.
The steps in the splicing-first pathway are (i) production of
the transcript, (ii) cleavage at the 3’ splice site, (iii) cleavage
at the 5’ splice site, (iv) ligation of the two exons, (v) removal
of the 2’ phosphate, (vi) 5’ end trimming by RNase P, (vii) 3’
end trimming, (viii) addition of the -CCAyy tail, and (ix)
transport from nucleus to cytoplasm. While removal of the 2’
phosphate must occur after splicing, the exact stage of 2’
phosphate removal is not known, and none of our results
address that issue. We also do not know whether addition of
the -CCAyy tail is necessary prior to splicing or nuclear
export. None of our results address the order of nucleoside
modification additions.

Another interpretation of our results is that splicing and
end processing may occur concurrently in vivo. The exper-
imental approach that we used to determine the in vivo
pathway cannot distinguish this possibility from the end-
processing-first or splicing-first pathway. One presumed
splicing substrate in a concurrent pathway would be 5’'-end-
trimmed, 3'-end-extended ptRNA (3'ptRNA). The splicing
intermediates and products of this substrate would be iden-
tical to those already identified in the end-processing-first
and splicing-first pathways. In a similar vein, splicing in-
termediates could also be substrates for end processing
activities without generating distinctive intermediates. Con-

sequently, the concurrent pathway remains a distinct possi-
bility.

We conclude that the events of processing to remove the
5’ leader and 3’ extension are ordered in vivo for S.
cerevisiae. Our data clearly indicate that processing to
remove the 5’ leader may occur without prior removal of the
3’ extension. Furthermore, we do not detect any RNA
containing the 5’ leader but lacking the 3’ extension. We
suggest that 5'3'ptRNA is the preferred substrate for 5’ end
processing by RNase P. The 3'ptRNA is the substrate for an
uncharacterized activity that removes the 3’ extension.
Finally, the mature-CCAgy tail is added by nucleotidyl-
transferase. This order is consistent with in vitro transcrip-
tion and processing results obtained by using soluble yeast
extracts and with results of oocyte extract or microinjection
experiments (12, 29, 32, 42, 43, 45). Since we are analyzing
steady-state RN A for the presence of possible intermediates,
one could always argue that the steps of still other alterna-
tive pathways are so rapid that the intermediates are unde-
tectably rare. Therefore, we cannot rule out the possibility
that 3’ end trimming might sometimes occur prior to 5’ end
trimming. Nevertheless, we suggest that there is one definite
order of processing to remove the terminal extensions from
pre-tRNAs containing introns: 5’ end trimming followed by
3’ end trimming.

The processing activities responsible for end trimming
appear to be endonucleolytic. We did not detect a ladder of
faint bands between 5'3'ptRNAs and 3'ptRNAs or between
3'ptRNAs and ptRNAs. We could, however, detect pre-
sumed nucleotidyltransferase polymerization intermediates
for some ptRNA families (Fig. 4). Since pre-tRNA 5’ leaders
are trimmed by the known endonuclease RNase P, we do not
expect any intermediates between 5'3'ptRNA and 3'ptRNA.
However, both endonucleolytic and exonucleolytic activi-
ties have been characterized from a variety of sources that
are potentially responsible for processing pre-tRNA 3’ ex-
tensions (3, 12, 15). It is not yet clear that these purified
activities are genuine pre-tRNA maturation nucleases for
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removal of the 3’ extension. Our results indicate that in S.
cerevisiae this processing activity is endonucleolytic, though
failure to detect exonucleolytic intermediates does not prove
that an endonucleolytic activity is involved. One further
observation is that 5'3'ptRNAs are always more abundant
than their cognate 3'ptRNA species. This suggests that 3’
end trimming is closely coordinated with RNase P cleavage
of the 5' leader. This could explain why we have not
detected 3'ptRNA and 3'mtRNA IleUAU species and can
only conditionally detect a 3'ptRNA TyrGUA species (44b).

The existence of a ptRNA IleUAU 5’-2/3 molecule implies
that 5'3'ptRNA IleUAU is a substrate for splicing. Identifi-
cation of the 5'3'mtRNA IleUAU indicates that the 5'-2/3
molecule is a genuine splicing intermediate. In contrast with
previously described pathways (9, 43), these results demon-
strate that pre-tRNA IleUAU splicing can occur before or
after end trimming. RNA species of the appropriate size to
be 2/3 or 5'-2/3 molecules were identified in several pre-
tRNA families. This finding suggests that the alternate
processing pathway is operative for other pre-tRNA fami-
lies. Our interpretation is supported by previous observa-
tions in that HeLa cell extracts were shown to splice some
end-extended, intron-containing pre-tRNAs (16, 56, 62).
Since end processing need not precede splicing of intron-
containing pre-tRNAs, these events are not related in a
dependent order.

The proposed pathway indicates that the 3’ splice site is
cut first, generating either 5'-2/3 or 2/3 molecules. For the
case of pre-tRNA IleUAU, we have shown that there is little
or no RNA that could represent splicing intermediates for an
alternative order of cleavage. We have not directly ad-
dressed whether other pre-tRNAs are spliced by cleavage
first at the 5’ splice site. Mutations in Schizosaccharomyces
pombe tRNA Ser genes have been analyzed for effects on
splicing in S. cerevisiae extracts (20). Certain mutations
interfered with cleavage at either the 5’ or 3’ splice site. This
finding provides evidence that the two cleavage events are
independent in vitro. It is possible that some pre-tRNA
families have splicing intermediates composed of the intron
and 3’ exon. However, the splicing intermediates that we
detect appear at sizes that are most simply accommodated
by splicing consistently proceeding by cleavage first at the 3’
splice site.

As diagrammed in Fig. 10, the initial cleavage event of
splicing liberates a free 3’ exon, with or without a 3’
extension. The second cleavage event liberates the free 5’
exon, with or without a 5’ leader. Although we have not yet
attempted to detect such products, we expect that end-
extended exons exist and are most abundant for families like
pre-tRNA IleUAU and under conditions that favor produc-
tion of the 5'-2/3 molecule. Separate exons have been
detected in mutant cells deficient in tRNA ligase activity
(50a).

Apparent preference for the splicing-first or end-process-
ing-first pathway varies among ptRNA species and accord-
ing to growth conditions. The pre-tRNA TyrGUA 2/3 mole-
cule appears to be the second most abundant, yet no 5’-2/3
molecule was detected for TyrGUA (Fig. 2 and Table 2). For
IleUAU, TrpCCA, and LysUUU, both 5’-2/3 and 2/3 mole-
cules are clearly evident. These observations suggest that
each pre-tRNA may be preferentially processed along one or
the other pathway. We have observed that the pre-tRNA
IleUAU 5'-2/3 and 2/3 molecules vary in relative abundance,
depending on growth temperature (Fig. 7; 44b). This obser-
vation suggests that the preferred processing pathway for
pre-tRNA is influenced by growth conditions.
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We have also noticed that increased levels of 5'3'ptRNA
relative to cognate ptRNAs correlate with increased abun-
dance of 5'-2/3 for leUAU, LysUUU, and TrpCCA (Fig. 2).
We believe that this finding indicates that pre-tRNAs
IleUAU, LysUUU, and TrpCCA are the three precursors
most likely to follow the splicing-first processing pathway.
Once spliced, precursors to these tRNAs would no longer be
detected with an intron probe. Thus, the relative abundances
of the 5'3'ptRNAs for lleUAU, LysUUU, and TrpCCA do
not indicate how well these pre-tRNAs are processed by the
end trimming activities but indicate the pathway by which
they are preferentially processed.

The splicing-first pathway may also represent a dead-end
pathway that produces nonfunctional 5'3'mtRNAs. We be-
lieve that this possibility is unlikely. tRNA genes from which
the intervening sequences have been removed are functional
in vivo (30, 57, 67). Conversely, functional tRNA was
produced from a tRNA gene in which an intervening se-
quence was inserted (66). These studies indicate that the
intron has little or no effect on end processing of pre-tRNAs
in vivo. RNase P cleavage of mutant tRNA LeuCAA gene
transcripts has also been studied in vitro (38). Crude RNase
P preparations but not highly purified RNase P preparations
efficiently end trimmed pre-tRNA LeuCAA transcripts from
a gene without an intervening sequence. The structure of a
pre-tRNA transcribed from a tRNA gene without an inter-
vening sequence is identical to that of 5'3’'mtRNA, a splicing
product of 5'3'ptRNA. Therefore, 5'3'mtRNAs must be
substrates for the end processing activities. The 5'3'mtRNA
produced from the splicing-first pathway would have to be
sequestered from nuclear end processing activities for it to
be a dead-end product. Sequestration could be accomplished
by nuclear-cytoplasmic transport. Implicit in this argument
is that the tRNA transport machinery cannot always differ-
entiate between mature and end-extended tRNAs. We be-
lieve that this is unlikely, especially since the Xenopus
oocyte tRNA transport machinery efficiently discriminates
against tRNAs with altered structures (61, 68).

Organization of the processing activities. Here we propose
a model in which S. cerevisiae pre-tRNA processing and
transport occur at a nuclear membrane complex. In this
model, primary transcripts are bound by tRNA ligase and
directed to a pre-tRNA processing complex located on the
nuclear membrane. The ligase-pre-tRNA assembly binds to
the complex, the pre-tRNA is nucleolytically processed as
depicted in Fig. 10, and the tRNA product is transported to
the cytoplasm. This model is supported by several observa-
tions. First, S. cerevisiae pre-tRNA splicing activities appar-
ently work as a complex. The tRNA ligase and pre-tRNA-
splicing endonuclease work cooperatively in vitro (18).
tRNA ligase has been immunolocalized to a diffuse sphere
just on the inside of the nuclear envelope and to distinct
spots on the nuclear envelope (5). The pre-tRNA-splicing
endonuclease behaves as an integral membrane protein
complex (48). The model would explain that the tRNA ligase
found in the diffuse sphere binds the nascent pre-tRNA
transcripts and translocates them to the pre-tRNA-splicing
endonuclease. This accounts for the tRNA ligase located on
the nuclear membrane as forming part of the processing
complex. Second, pre-tRNA splicing and nuclear-cytoplas-
mic transport are thought to be coupled processes in Xeno-
pus oocytes. Spliced tRNAs from microinjected genes have
not been found in the nucleus (42, 43). This result is
consistent with our model of a processing-transport com-
plex. Finally, the pre-tRNA end processing activities are
presumed to be nuclear enzymes in S. cerevisiae, since these
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activities are localized to the nucleus of Xenopus oocytes
(43). Identification of two alternate pre-tRNA processing
pathways is consistent with this model. A concurrent end
processing and splicing pathway would also be consistent
with this model. Our model differs from previously described
pre-tRNA splicing complex models (5, 18, 60) in that splicing
as well as all other nucleolytic processing events occur in a
single complex.

We propose that pre-tRN As without introns would also be
processed by this same complex. Ligation, but not endonu-
cleolytic cleavage of intron-containing pre-tRNAs, is com-
petitively inhibited by mature tRNA in vitro (49). This result
is consistent with the ptRNA processing complex model in
that tRNA ligase could bind all nascent tRNA gene tran-
scripts and direct them to the processing complex. One
prediction of this processing complex model is that pre-
tRNA splicing endonuclease and RNase P are part of all
processing complexes.

ACKNOWLEDGMENTS

This work was supported in part by Public Health Service grants
GM32511 and GM37166 from the National Institutes of Health to
C.L.P. and by NIH grant BRSG 2S07 RR07084 to the University of
Pittsburgh. Publication costs have been supported by American
Cancer Society research grant NP-729 to C.L.P.

REFERENCES

1. Atkinson, T., and M. Smith. 1984. Solid phase synthesis of
oligodeoxyribonucleotides by the phosphite-triester method, p.
35-81. In M. J. Gait (ed.), Oligonucleotide synthesis: a practical
approach. IRL Press, Oxford.

2. Blatt, B., and H. Feldmann. 1973. Characterization of precur-
sors to tRNA in yeast. FEBS Lett. 37:129-133.

3. Castano, J. G., J. A. Tobian, and M. Zasloff. 1985. Purification
and characterization of an endonuclease from Xenopus laevis
ovaries which accurately processes the 3’ terminus of human
pre-tRNA Meti (3’ pre-tRNase). J. Biol. Chem. 260:9002-9008.

4. Church, G. M., and W. Gilbert. 1984. Genomic sequencing.
Proc. Natl. Acad. Sci. USA 81:1991-1995.

5. Clark, M. W., and J. Abelson. 1987. The subnuclear localization
of tRNA ligase in yeast. J. Cell Biol. 105:1515-1526.

6. Cryer, D. R., R. Eccleshall, and J. Marmur. 1975. Isolation of
Yeast DNA. Methods Cell Biol. 11:3944.

7. Culbertson, M. R., and M. Winey. 1989. Split tRNA genes and
their products: a paradigm for the study of cell function and
evolution. Yeast 5:405-427.

8. DeRobertis, E. M., P. Black, and K. Nishikura. 1981. Intranu-
clear location of the tRNA splicing enzymes. Cell 23:89-93.

9. DeRobertis, E. M., and M. V. Olson. 1979. Transcription and
processing of cloned yeast tyrosine tRNA genes microinjected
into frog oocytes. Nature (London) 278:137-143.

10. Deutscher, M. P. 1970. Reactions at the 3’ terminus of transfer
ribonucleic acid: a single enzyme catalyzes the incorporation of
adenosine monophosphate and cytidine monophosphate into
transfer ribonucleic acid. J. Biol. Chem. 245:4225-4227.

11. 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.

12. Engelke, D. R., P. Gegenheimer, and J. Abelson. 1985. Nucleo-
lytic processing of a tRNA Arg-tRNA Asp dimeric precursor by
a homologous component from Saccharomyces cerevisiae. J.
Biol. Chem. 260:1271-1279.

13. Etcheverry, T., M. Salvato, and C. Guthrie. 1982. Recessive
lethality of yeast strains carrying the SUP6! suppressor results
from loss of a transfer RNA with a unique decoding function. J.
Mol. Biol. 158:599-618.

14. Fradin, A., H. Gruhl, and E. Feldmann. 1975. Mapping of yeast
tRNAs by two-dimensional electrophoresis on polyacrylamide
gels. FEBS Lett. 50:185-189.

15. Frendewey, D., T. Dingermann, L. Cooley, and D. Séll. 1985.

MoL. CELL. BioL.

Processing of precursor tRNAs in Drosophila: processing of the
3’ end involves an endonucleolytic cleavage and occurs after 5’
end maturation. J. Biol. Chem. 260:449-454.

16. Ganguly, S., P. A. Sharp, and U. L. RajBhandary. 1988.
Saccharomyces cerevisiae SUP53 tRNA gene transcripts are
processed by mammalian cell extracts in vitro but are not
processed in vivo. J. Biol. Chem. 8:361-370.

17. Geiduschek, E. P., and G. P. Tocchini-Valentini. 1988. Tran-
scription by RNA polymerase III. Annu. Rev. Biochem. 57:
873-914.

18. Greer, C. 1986. Assembly of a tRNA splicing complex: evidence
for concerted excision and joining steps in splicing in vitro. Mol.
Cell. Biol. 6:635-644.

19. Greer, C. L., C. L. Peebles, P. Gegenheimer, and J. Abelson.
1983. Mechanism of action of a yeast RNA ligase in tRNA
splicing. Cell 32:537-546.

20. Greer, C. L., D. Séll, and I. Willis. 1987. Substrate recognition
and identification of splice sites by the tRNA-splicing endonu-
clease and ligase from Saccharomyces cerevisiae. Mol. Cell.
Biol. 7:76-84.

21. Guthrie, C., and J. Abelson. 1982. Organization and expression
of tRNA genes in Saccharomyces cerevisiae, p. 487-528. In
J. N. Strathern, E. W. Jones, and J. R. Broach (ed.), The
molecular biology of the yeast Saccharomyces: metabolism and
gene expression. Cold Spring Harbor Laboratory, Cold Spring
Harbor, N.Y.

22. Hansen, L. J., D. L. Chalker, and S. B. Sandmeyer. 1988. Ty3,
a yeast retrotransposon associated with tRNA genes, has ho-
mology to animal retroviruses. Mol. Cell. Biol. 8:5245-5256.

22a.Ho, C., and J. Abelson. Personal communication.

23. Ho, C. K., R. Rauhut, U. Vijayraghavan, and J. Abelson. 1990.
Accumulation of pre-tRNA splicing ‘‘2/3”’ intermediates in a
Saccharomyces cerevisiae mutant. EMBO J. 9:1245-1252.

24. Hopper, A. K. 1984. Genetic and biochemical studies of RNA
processing in yeast, p. 91-117. In D. Apirion (ed.), RNA
processing. CRC Press, Boca Raton, Fla.

2S. Hopper, A. K., F. Banks, and V. Evangelidis. 1978. A yeast
mutant which accumulates precursor tRNAs. Cell 14:211-219.

26. Hopper, A. K., A. H. Furukawa, H. D. Pham, and N. C. Martin.
1982. Defects in modification of cytoplasmic and mitochondrial
transfer RNAs are caused by single nuclear mutations. Cell
28:543-550.

27. Hopper, A. K., and J. Kurjan. 1981. tRNA synthesis: identifi-
cation of in vivo precursor tRNAs from parental and mutant
yeast strains. Nucleic Acids Res. 9:1019-1029.

28. Hopper, A. K., L. D. Schultz, and R. A. Shapiro. 1980. Proc-
essing of intervening sequences: a new yeast mutant which fails
to excise intervening sequences from precursor tRNAs. Cell
19:741-751.

29. Johnson, J. D., R. Ogden, P. Johnson, J. Abelson, P. Dembeck,
and K. Itakura. 1980. Transcription and processing of a yeast
tRNA gene containing a modified intervening sequence. Proc.
Natl. Acad. Sci. USA 77:2564-2568.

30. Johnson, P. F., and J. Abelson. 1983. The yeast tRNA Tyr gene
intron is essential for correct modification of its tRNA product.
Nature (London) 302:681-687.

31. Kang, H. S., R. C. Ogden, and J. Abelson. 1980. Two yeast
tRNA genes containing intervening sequences, p. 317-331. In
W. A. Scott, R. Werner, D. R. Joseph, and J. Schulta (ed.),
Mobilization and reassembly of genetic information. Academic
Press, Inc., New York.

32. Klekamp, M. S., and P. A. Weil. 1982. Specific transcription of
homologous class III genes in yeast-soluble cell-free extracts. J.
Biol. Chem. 257:8432-8441.

33. Knapp, G., J. S. Beckmann, P. F. Johnson, S. A. Fuhrman, and
J. Abelson. 1978. Transcription and processing of intervening
sequences in yeast tRNA genes. Cell 14:221-236.

34. Knapp, G., R. C. Ogden, C. L. Peebles, and J. Abelson. 1979.
Splicing of yeast tRNA precursors: structure of the reaction
intermediates. Cell 18:37-45.

35. Kruger, K., P. J. Grabowski, A. J. Zaug, J. Sands, D. E.
Gottschling, and T. R. Cech. 1982. Self-splicing RNA: autoex-
tension and autocyclization of the ribosomal RNA intervening



VoL. 11, 1991

36.

37.

38.

39.

40.

41.

sequence of Tetrahymena. Cell 31:147-157.

Laten, H., J. Gorman, and R. M. Bock. 1978. Isopentyladenos-
ine deficient tRNA from an antisuppressor mutant of Saccharo-
myces cerevisiae. Nucleic Acids Res. 5:4329-4342.

Lee, J.-Y., and D. R. Engelke. 1989. Partial characterization of
an RNA component that copurifies with Saccharomyces cere-
visiae RNase P. Mol. Cell. Biol. 9:2536-2543.

Leontis, N., A. DaLio, M. Strobel, and D. Engelke. 1988. Effects
of tRNA-intron structure on cleavage of precursor tRNAs, by
RNase P from Saccharomyces cerevisiae. Nucleic Acids Res.
16:2537-2552.

Lo, R. Y. C., J. B. Bell, and K. L. Roy. 1982. Dihydrouridine-
deficient tRNAs in Saccharomyces cerevisiae. Nucleic Acids
Res. 10:889-902.

Maniatis, T., E. F. Fritsch, and J. Sambrook. 1982. Molecular
cloning: a laboratory manual. Cold Spring Harbor Laboratory,
Cold Spring Harbor, N.Y.

McCraith, S. M., and E. M. Phizicky. 1990. A highly specific
phosphatase from Saccharomyces cerevisiae implicated in
tRNA splicing. Mol. Cell. Biol. 10:1049-1055.

41a.McCraith, S. M., and E. M. Phizicky. Personal communication.

42.

43.

44,

Melton, D. A., and R. Cortese. 1979. Transcription of cloned
tRNA genes and the nuclear partitioning of a tRNA precursor.
Cell 18:1165-1172.

Melton, D. A., E. M. DeRobertis, and R. Cortese. 1980. Order
and intracellular location of the events involved in the matura-
tion of a spliced tRNA. Nature (London) 284:143-148.
Nishikura, K., and E. M. De Robertis. 1981. RNA processing in
microinjected Xenopus oocytes: sequential addition of base
modifications in a spliced transfer RNA. J. Mol. Biol. 145:405—
420.

44a.0’Connor, J. P. 1986. M.S. thesis. University of Pittsburgh,

Pittsburgh, Pa.

44b.0’Connor, J. P. 1990. Ph.D. thesis. University of Pittsburgh,

Pittsburgh, Pa.

44¢.0’Connor, J. P., and C. L. Peebles. Submitted for publication.

45.

47.

49.

50.

Ogden, R. C., J. S. Beckmann, J. Abelson, H. S. Kang, D. Séll,
and O. Schmidt. 1979. In vitro transcription and processing of a
yeast tRNA gene containing an intervening sequence. Cell
17:399-406.

. Ogden, R. C., M.-C. Lee, and G. Knapp. 1984. Transfer RNA

splicing in Saccharomyces cerevisiae: defining the substrates.
Nucleic Acids Res. 12:9367-9382.

Olson, M. V., G. S. Page, A. Sentenac, P. W. Piper, M.
Worthington, R. B. Weiss, and B. D. Hall. 1981. Only one of two
closely related yeast suppressor tRNA genes contains an inter-
vening sequence. Nature (London) 291:464—469.

. Peebles, C. L., P. Gegenheimer, and J. Abelson. 1983. Precise

excision of intervening sequences from precursor tRNAs by a
membrane-associated yeast endonuclease. Cell 32:525-536.
Peebles, C. L., R. C. Ogden, G. Knapp, and J. Abelson. 1979.
Splicing of yeast tRNA precursors: a two stage reaction. Cell
18:27-35.

Peebles, C. L., P. S. Perlman, K. L. Mecklenburg, M. L. Petrillo,
J. H. Tabor, K. A. Jarrell, and H.-L. Cheng. 1986. A self-
splicing RNA excises an intron lariat. Cell 44:213-223.

S0a.Phizicky, E. M. Personal communication.

51.

Phizicky, E. M., R. C. Schwartz, and J. Abelson. 1986. Saccha-
romyces cerevisiae tRNA ligase: purification of the protein and

IN VIVO PRE-tRNA PROCESSING IN S. CEREVISIAE

52.

439

isolation of the structural gene. J. Biol. Chem. 261:2978-2986.
Pixa, G., G. Dirheimer, and G. Keith. 1984. Sequence of tRNA
IleIAU from brewer’s yeast. Biochem. Biophys. Res. Commun.
119:905-912.

52a.Rauhut, R., P. R. Green, and J. Abelson. 1990. Yeast tRNA-

53.

54.

55.

56.

57.

58.

59.

61.

62.

63.

65.

67.

splicing endonuclease is a heterotrimeric enzyme. J. Biol.
Chem. 265:18180-18184.

Reyes, V. M., and J. Abelson. 1988. Substrate recognition and
splice site determination in yeast tRNA splicing. Cell 55:719-
730.

Rubin, G. M. 1973. The nucleotide sequence of Saccharomyces
cerevisiae 5.8S ribosomal ribonucleic acid. J. Biol. Chem.
248:3860-3875.

Rubin, G. M. 1974. Three forms of the 5.8-S ribosomal RNA
species in Saccharomyces cerevisiae. Eur. J. Biochem. 41:197-
202.

Standring, D. N., A. Venegas, and W. J. Rutter. 1981. Yeast
tRNA Leu3 gene transcribed and spliced in a HeLa cell extract.
Proc. Natl. Acad. Sci. USA 78:5963-5967.

Strobel, M. C., and J. Abelson. 1986. Effect of intron mutations
on processing and function of Saccharomyces cerevisiae SUP53
tRNA in vitro and in vivo. Mol. Cell. Biol. 6:2663-2673.
Stucka, R., and H. Feldmann. 1988. Structure of a Saccharo-
myces cerevisiae gene encoding minor (AGY)tRNAS®". Nucleic
Acids Res. 16:3583.

Szekely, E., H. G. Belford, and C. L. Greer. 1988. Intron
sequence and structure requirements for tRNA splicing in
Saccharomyces cerevisiae. J. Biol. Chem. 263:13839-13847.

. Tanner, N. K., M. M. Hanna, and J. Abelson. 1988. Binding

interactions between yeast tRNA ligase and a precursor transfer
ribonucleic acid containing two photoreactive uridine ana-
logues. Biochemistry 27:8852—8861.

Tobian, J. A., L. Drinkard, and M. Zasloff. 1985. tRNA nuclear
transport: defining the critical regions of human tRNA Meti by
point mutagenesis. Cell 43:415-422.

van Tol, H., N. Stange, H. J. Gross, and H. Beier. 1987. A human
and a plant intron-containing tRNA Tyr gene are both tran-
scribed in a HeLa cell extract but spliced along different
pathways. EMBO J. 6:3541.

van Zyl, W. H., N. Willis, and J. Broach. 1989. A general screen
for mutants of Saccharomyces cerevisiae deficient in tRNA
biosynthesis. Genetics 123:55-68.

. Wang, S. S., and A. K. Hopper. 1988. Isolation of a yeast gene

involved in species-specific pre-tRNA processing. Mol. Cell.
Biol. 8:5140-5149.

Winey, M., and M. R. Culbertson. 1988. Mutations affecting the
tRNA-splicing endonuclease activity of Saccharomyces cerevi-
siae. Genetics 118:609-617.

. Winey, M., I. Edelman, and M. R. Culbertson. 1989. A synthetic

intron in a naturally intronless yeast pre-tRNA is spliced effi-
ciently in vivo. Mol. Cell. Biol. 9:329-331.

Winey, M., M. D. Mendenhall, C. M. Cummins, M. R. Culbert-
son, and G. Knapp. 1986. Splicing of a yeast proline tRNA
containing a novel suppressor mutation in the anticodon stem. J.
Mol. Biol. 192:49-63.

. Zasloff, M., M. Rosenberg, and T. Santos. 1982. Impaired

nuclear transport of a human variant tRNA Meti. Nature
(London) 300:81-84.



