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The Saccharomyces cerevisiae amber suppressor tRNA gene SUP53 (a tRNALeu allele) was used to investigate
the role of intron structure and sequence on precursor tRNA splicing in vivo and in vitro. This gene encodes
a pre-tRNA which contains a 32-base intervening sequence. Two types of SUP53 intron mutants were
constructed: ones with an internal deletion of the natural SUP53 intron and ones with a novel intron. These
mutant genes were transcribed in vitro, and the end-processed transcripts were analyzed for their ability to
serve as substrates for the partially purified S. cerevisiae tRNA endonuclease and ligase. The in vitro phenotype
of these mutant RNAs was correlated with the in vivo suppressor tRNA function of these SUP53 alleles after
integration of the genes into the yeast genome. Analysis of these mutant pre-tRNAs, which exhibited no
perturbation of the mature domain, clearly showed that intron structure and sequence can have profound
effects on pre-tRNA splicing. All of the mutant RNAs, which were inefficiently spliced or unspliced, evidenced
cleavage only at the 5' splice junction. Base changes in the intron proximal to the 3' splice junction could
partially rescue the splicing defect. The implications of these data for tRNA endonuclease-substrate interactions
are discussed.

Numerous studies have investigated yeast intragenic mu-
tations which affect the production of a mature tRNA. These
mutations map almost exclusively to the mature domain of
the precursor tRNA (2, 3, 11-13, 16-18, 21, 35). In general,
these mutations, which affect transcription, end-processing,
and splicing of the precursor, perturb conserved base-pairing
or alter conserved nucleotides in the mature domain. Nota-
ble by their paucity are mutations located in the intron. By
genetic selection for an antisuppressor phenotype, only
three intron mutants have been found.

In the Saccharomyces cerevisiae SUP4 tRNATYr, a base
change creates an RNA polymerase III transcription termi-
nation site in the intron (11). Willis et al. (35) found two
intron alterations in the Schizosaccharomyces pombe sup9
tRNAser: a base insertion which has little effect on RNA
maturation or suppressor tRNA function and a base change
near the 3' intron-exon junction. The latter mutation signif-
icantly decreases the efficiency of end-processing and splic-
ing. In each case, the mutation(s) enhances the formation of
alternate base-pairing between the mature domain and intron
sequences, which perturbs the mature domain structure.
Therefore, these intron mutants probably exert their effect
on RNA processing by their alteration of total precursor
tRNA conformation.

Mutations, selected for loss of suppressor tRNA function,
which affect primarily splicing are found in the D stem-loop,
the anticodon stem-loop, and the variable stem-loop (extra
arm). As has been shown previously (8, 25, 29), large intron
alterations-base changes, insertions, and deletions-in S.
cerevisiae tRNA precursors do not affect their absolute
ability to be spliced. These observations have led to the
following idea: if its sequence is not deleterious to the
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higher-order structure of the precursor, an intron plays no
direct role in the maturation of a precursor tRNA. In short,
the intron is passive in its own removal.
However, there is a single example of a nonspliced pre-

tRNA which arises from a change in intron sequence.
Raymond and Johnson (25) made a partial deletion of an S.
cerevisiae tRNALeU intron in vitro. In a cell extract of S.
cerevisiae, this deletion mutant is efficiently transcribed and
end-processed but is not spliced. The only obvious alter-
ations in this mutant were the creation of an exceptionally
small single-stranded region (two nucleotides) and an uncon-
ventional sequence (CC) at the 3' intron-exon junction.
These data suggest that the sequence or structure of the
intron per se can be important in the splicing process.
To further investigate the role of the intron in splicing,

mutants of the S. cerevisiae SUP53 (tRNA3eu) gene were
constructed. Two types of mutants were initially made: one
carried an internal deletion of the natural SUP53 intron and
one carried a novel intervening sequence (IVS). In each
case, additional mutations were made in splice junction-
proximal nucleotides. Each of the mutant genes was effi-
ciently transcribed and its RNA product was efficiently
end-processed in vitro with a yeast nuclear extract (YNE)
preparation. Their splicing phenotype was determined in an
in vitro assay with partially purified S. cerevisiae tRNA
ligase and endonuclease. For several mutants, the identity of
the products made in the presence of endonuclease and
ligase was confirmed by RNA fingerprint analysis. Finally,
the in vitro phenotype of several mutants was correlated
with their tRNA suppressor function in vivo by integration
of the mutant genes into the yeast genome.
These experiments show that certain intron-mutated pre-

cursors tRNAs are refractory to the tRNA-splicing endonu-
clease both in vitro and in vivo. Furthermore, secondary
mutations at the 3' intron-exon junction can partially rescue
the nonspliced phenotype in vitro and in vivo.
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FIG. 1. Sequences of SUP53 intron mutants. The sequences of
the SUP53 intron mutants examined are shown. Their constructed is
described in detail in Materials and Methods. Arrows delimit the
SUP53 32-base-pair intron. Underlined sequences show the
anticodon (CTA) and the sequence, found in the SUP53 intron,
which is complementary to the anticodon (TCTTGA). The dashed,
underlined sequence is another intron sequence complementary to
the anticodon (tcaaga). Lowercase letters emphasize differences in
intron sequence from SUP53. Overlined sequences point out the
unique, intragenic AluI (AGCT) and StuI (AGgcCT) restriction
enzymes sites created in the AIVS and INS mutants, respectively.

MATERIALS AND METHODS

Mutant construction. The strains, plasmids, and media
used have been described previously (29). The mutants of
the S. cerevisiae leucine-inserting, amber suppressor
tRNAsUP53 investigated in this study are shown in Fig. 1.
These mutants were made by oligonucleotide-directed mu-

tagenesis or by the cloning of complementary oligonucleo-
tides (17, 29). All mutants were initially constructed in
M13mplO and transferred to the yeast integration plasmid
YIpLEU2 prior to their introduction into yeast cells (29).

In vitro transcription and splicing. YNE (4) was used to
transcribe the SUP53-derived genes and to end-process the
primary RNA transcripts (17, 29). The end-processed, [a-
32P]UTP-labeled transcripts were used in in vitro cutting and
ligation assays (7, 23a, 29).

Yeast transformation and suppression testing. S. cerevisiae
SL183-21C [a met8-l(Am) tyr7-1(Am) trpl-J(Am) ade3-
26(Am) ilvJ-J(Am) leu2-J(Oc) lys2-J(Oc) canRI-132(Am),
kindly provided by S. Liebman] was transformed with a
linear DNA fragment containing both the SUP53 allele and
the LEU2 marker (29). Since these genes are closely linked
on S. cerevisiae chromosome III (1, 5, 15), integration of this
fragment can both rescue the Leu- phenotype and introduce
the SUP53 gene by homologous recombination (26).
Leu+ transformants were secondarily screened for the

function of the SUP53 allele by assaying their ability to
suppress the trpl-J(Am) amber nonsense mutation. Twenty
to 30 Leu+ transformants from two independent transforma-
tions with each SUP53 allele were examined by the method
of Shaw and Olson (27) as previously described (29).
RNA analysis. The products of in vitro splicing assays

were analyzed by RNA fingerprinting of RNase T1 oligonu-
cleotides by the methods of Volckaert et al. (34) and
Volckaert and Fiers (32, 33). RNAs were precipitated with
20 to 40 ,ug of carrier tRNA per sample and digested with
RNase T1 (2.5 to 5.0 U in 10 mM Tris chloride, pH 7.4, 1 mM
EDTA; Calbiochem, La Jolla, Calif.) for 2 to 4 h at 37°C. In
the first dimension, samples were resolved by electrophore-
sis on cellulose-acetate strips equilibrated with 5% acetic
acid-2 mM EDTA-5 M urea, pH 3.5, with pyridine. Elec-
trophoresis was carried out with a high-voltage power supply
(Savant Instruments, Hicksville, N.Y.). Samples were pas-
sively transferred essentially by the method of Southern (28)

to polyethyleneimine-cellulose thin-layer plates (Cel 300
PEI; Brinkman Instruments, Westbury, N.Y.). Develop-
ment of the second dimension was by homochromatography
with C-10 Homomix for 4 to 5 h at 65°C. RNase T1 products
were visualized by autoradiography on Kodak XAR5 X-ray
film (Eastman Kodak, Rochester, N.Y.) with Cronex Light-
ning-Plus intensifying screens (I. E. duPont de Nemours,
Inc., Wilmington, Del.) at -70°C for 1 to 7 days.
Computer-determined RNA secondary structures. Second-

ary structures of SUP53 and mutant RNAs were determined
by using the RNA sequence folding program of M. Zuker,
provided by the BIONET National Computer Resource for
Molecular Biology. Structures, as drawn, were determined
both as part of the total pre-tRNA and as subfragments
spanning the anticodon stem-loop region (including IVS).

RESULTS

Mutant construction. The sequences of the intron mutants
examined in this study are shown in Fig. 1. The mature
tRNA domain in all of the mutants was unaltered SUP53.
The Alu series mutants were derived from the AIVS and

Alu5--3 mutants, which have been characterized previously
(29). Briefly, the AIVS construction created a unique, intra-
genic AluI restriction enzyme site which precisely divided
the tRNA gene into 5' and 3' halves. Sets of complementary
oligonucleotides were cloned into this site by blunt-end
ligation. In the 5--3 orientation, the Alu mutants contained a
15-base intron which represented an internal deletion of the
natural SUP53 IVS. The 3-*5 orientation, the other ligation
product, created a novel IVS. This novel intron contained a
sequence complementary to the anticodon (Fig. 1). Poten-
tially, the size and, certainly, the sequence of the splice
junction-proximal loops were different from those found in
SUP53 precursor.
The Stu family mutants were derived from the insert (INS)

mutant characterized previously (29). By the insertion of two
nucleotides, the INS mutant carried a unique StuI restriction
enzyme site created from the AluI site found in AIVS.
Introduction of the complementary oligonucleotides into the
site by blunt-end ligation created a 17-base intron. Again, the
5--3 mutant represented the SUP53 sequence, and the 3-*5
mutant contained the novel intron.

In Fig. 1 the secondary nucleotide changes made by the
cloning of complementary nucleotides or by oligonucleotide-
directed mutagenesis are shown. The names of the mutants,
derived from the original Alu and Stu constructions, reflect
the secondary base changes.

In vitro splicing of Alu and Stu mutants. By using the YNE
preparation (4), the initial Alu and Stu mutant genes were
transcribed in vitro in the presence of [a-32P]UTP. This
extract contains the activities required to fully process the
primary tRNA transcript (17, 29). All the mutant genes were
efficiently transcribed and efficiently end-processed (data not
shown). Since the activities which mature the 5' and 3' ends
of a tRNA transcript are sensitive to the conformation of the
mature domain, the efficient maturation of these transcripts
suggests that these intron insertions are not significantly
perturbing the appropriate precursor structure (29).

End-processed transcripts were recovered and used as
substrates for the partially purified S. cerevisiae tRNA
endonuclease (-800-fold purified; kindly provided by C.
Peebles [22]) and ligase (-400-fold purified; kindly provided
by E. Phizicky and C. Greer [7, 23a]) in the presence ofATP
and Mg2+ (ligation conditions). Figure 2 displays the prod-
ucts of these assays. The transcripts were derived from a
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single transcription cocktail and, as such, were assumed to
have virtually equal specific activity. Equal amounts of
radioactivity of each transcript were used in each assay.
Each RNA was tested in the presence of endonuclease alone
and endonuclease plus ligase. Initially, the identity of bands
was assigned by their size and their appearance and disap-
pearance under appropriate conditions and confirmed by
RNA fingerprinting (see Fig. 5 through 8).
Pre-tRNASUPS3 and pre-tRNAAIu5 3 produced two major

products after endonuclease cleavage: 3' and 5' half-
molecules. With the addition of ligase, the half-molecules
were depleted, and a dominant band of mature tRNA size
appeared. SUP53 RNA also produced a 32-nucleotide-long
IVS band. The smaller intron (15 bases) of Alu5-*3 was not
retained on the gel.
The two Stu mutant RNAs generated undetectable

amounts of 3'-half and mature-size tRNA. The Alu3->5
mutant generated a very small amount of these molecules.
All three precursors produced some 5' half-molecules and
bands consistent in size with two-thirds-size molecules (IVS
plus 3' half) in the presence of endonuclease or endonuclease
and ligase. Therefore, these mutant RNAs were refractory to
complete endonuclease cutting.

In vitro splicing of Alu mutants with altered splice junction-
proximal nucleotides. Two differences were immediately
apparent between the introns of these precursors: the splice
junction-proximal sequences and the total sequence (and
structure) of the introns. The readily spliced Alu5--3 mutant

Alu
5-3 5U 5U-3U 3-5 3A-5A
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FIG. 3. In vitro splicing of Alu intron mutants. Assays were
performed as described in Materials and Methods. All end-
processed pre-tRNAs were derived from a single transcription
cocktail, and equal Cerekov counts were used in each cutting or
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FIG. 2. In vitro splicing of SUP53 and intron mutants. Assays
were performed as described in Materials and Methods. All end-
processed pre-tRNAs were derived from a single transcription
cocktail, and equal Cerenkov counts were used in each cutting or
splicing reaction mixture. Initially, the identity of products was
based on their size and their appearance or disappearance under
appropriate reaction conditions. The identity of bands, notably the
two-thirds molecules, for selected mutants was confirmed by two-
dimensional fingerprint analysis of RNase TI-digested RNAs. Endo,
tRNA endonuclease.

had wild-type residues at the 5' and 3' ends of its IVS, while
the nonsplicers did not. Does the novel intron represent a
totally inappropriate substrate, or are the splice junction-
proximal sequences themselves inhibitory to splicing?
To address this question, U residues were introduced in

the Alu5->3 intron at the 5' and 3' junctions (Alu5U-*3U) or
only at the 5' junction (Alu5U). Additionally, A residues
were substituted for the U's normally present at both intron-
exon junctions of Alu3->5, creating Alu3A-*SA. The inter-
nal intron nucleotides were unchanged from those of the
respective Alu parents (Fig. 1).
These three new mutants were transcribed in vitro in

parallel with their Alu parents. All genes were transcribed
and the primary transcripts were end-trimmed efficiently
(data not shown). These end-processed transcripts were
used in the in vitro splicing assay (Fig. 3).
The substitution ofA residues at the splice junctions in the

Alu3-*5 mutant had a clear effect on the splicing phenotype.
The Alu3A--5A RNA produced significant amounts of 3'
and 5' half-molecules. Upon the addition of ligase, these
half-molecules were converted to mature-size tRNA, in
contrast to the products of Alu3--5 RNA. However, both
mutant RNAs generated some presumptive two-thirds and 5'
half-molecules, suggesting that the junction alterations only
partially rescue the splicing defect.

In contrast, the introduction of U residues had signifi-
cantly less effect on the ability of the Alu5-*3 precursor to be
spliced. The Alu5U->3U RNA produced both half-size and
mature molecules. However, there was a substantial in-
crease in the amount of two-thirds molecules generated from
Alu5U-*3U. Therefore, the endonucleolytic cleavage of the
uridine-containing mutant appears to be less efficient. The
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FIG. 4. In vitro splicing of Alu intron mutants altered only at the
3' splice junction. Assays were performed as described in Materials
and Methods. All end-processed pre-tRNAs were derived from a

single transcription cocktail, and equal Cerenkov counts were used
in each cutting or splicing reaction mixture.

introduction of a single U residue at the 5' splice junction
(Alu5U) had virtually no effect on splicing.

Single base changes at the 3' intron-exon junction affect
splicing. The nonspliced mutants all exhibited partial, ineffi-
cient cutting at the 5' exon-intron junction. Furthermore, the
splicing pattern observed for the mutants described above
implied that changes proximal to the 3' splice junction may

more critically affect cleavage. To directly test this idea,
single mutations were introduced in the intron nucleotide
immediately at the 3' junction.
A single A residue was introduced at the 3' junction of the

nonspliced Alu3-*5 mutant, creating Alu3A-*5. Conversely,
a single U residue replaced an A at the 3' junction of the
spliced Alu3A-*5A, creating Alu3-5A (Fig. 1). Each new

mutant and its respective parent were transcribed in vitro.
All mutant RNAs were efficiently synthesized and end-
processed (data not shown). The end-processed transcripts
were used in the in vitro splicing assay shown in Fig. 4.
As previously shown, the Alu3--5 mutant precursor gen-

erated predominantly 5'-half and presumptive two-thirds
molecules in the presence of endonuclease. However, the
introduction of a single A residue (Alu3A-+5) altered the
cleavage products. Significant amounts of both 5' and 3'
halves and mature-size tRNA were produced, but as evi-
denced by the appearance of two-thirds molecules, the
cleavage was not totally efficient.
The Alu3A--5A and Alu3--5A mutant RNAs gave the

converse result. The Alu3A-*5A precursor produced mature
tRNA. However, the mutant which contained a U residue at
the 3' junction did not; it exhibited inefficient cleavage only
at the 5' junction.

Identification of RNAs produced by in vitro splicing of
Alu5--3, Alu3-*5, and Alu3A--5A precursors by RNA fin-
gerprinting. Two-dimensional separation of [a-32P]UTP-

TABLE 1. [a-32P]UTP-labeled T1 oligonucleotides of SUP53 intron mutantsa

Oligo-bSpiededenucleotide Sequenceb Pre-tRNA Spliced 5'-half 3-half IVS 2/3Ade 2/3Bd.e
no.

1 Gp (T1) + + + + - + +
2 UUGp (T13) + + + - - - -

3 UUUGp (T19) + + + - - - -

4 UCUAAGp (T17) + + + - - - -

5 CCUGp (T9) + + + - - - -

6 AUUCUAGp (T18) + - + - - -
7 AAAUAUCUUG +C - - - + -
7a UAUUUCAAGp +d- - - + +
7b AAUUUCAAGp + - - - + +
8 AAAUACUCAGp +C- - -

8a AUAUUUCUCAGp +d - - - + +
8b AUAUUACUCAGp +- - - - + +
9 CUCAGp (T12) - - - + - -
10 UAUCGp (T16) + + - + - + +
11 AUGp (T10) + + - + - + +
12 AGp (T4) + + - + - + +
13 UUCGp (T14) + + - + - + +
14 AAUCUCUUAGp (T21) + + - + - + +
15 AUUCUA*CUCAGp (T22) - + - - - -

a [a-32P]UTP-labeled oligoribonucleotides derived from the pre-tRNAs and the in vitro splicing products of the Alu5--*3, Alu3-)5, and Alu3A-+5A mutants are
listed.

b Underlined sequence is the anticodon (CUA). The asterisk (*) in oligonucleotide 15 (splice junction) indicates the presence of a 2'-phosphate, which renders
this junction insensitive to digestion by RNase T1. The designations in parentheses refer to the tRNA U oglionucleotide nomenclature used by Peebles et al. (22,
23) and Greer et al. (7). Oligonucleotides 6 (T18) and 15 (T22) do not precisely correspond to their tRNAL u counterparts due to the A-*U change in the SUP53 am-
ber anticodon.

c Alu5- 3 mutant only.
d Alu3-+5 mutant only.
e Alu3A-*5A mutant only.
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FIG. 5. RNA fingerprinting of RNase T, oligoribonucleotides derived from [_x-32P]UTP-labeled pre-tRNAAIu53 and mature tRNAAlu5l3.
Pre-tRNAAWu53, made in vitro in the presence of [cU-32P]UTP and S-adenosyl-L-methionine (SAM), was spliced in vitro by using partially
purified tRNA endonuclease and ligase as described in Materials and Methods. The RNAs were digested with RNase T1 as described in
Materials and Methods. T1 oligonucleotides were resolved by two-dimensional separation (RNA fingerprinting). (A) Fingerprints of
pre-tRNAAIul3 and mature tRNAAIU53. First-dimension electrophoresis was left to right; second-dimension homochromatography was

bottom to top. (B) Cartoon identifying spots. The sequence of each spot is listed in Table 1. Stippled spots were derived from the intron, the
intron-exon junctions, or the exon-exon (splice) junction. The asterisk (*) in the splice junction oligonucleotide indicates the presence of a

2'-phosphate, which renders the junction (G-P-pC) insensitive to RNase T1. vzzA, Oligonucleotides specific for the 5'-half tRNA molecule;
L, oligonucleotides specific for the 3-half tRNA molecule.
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FIG. 6. RNA fingerprinting of RNase T1 oligoribonucleotides
derived from [a-32P]UTP-labeled pre-tRNAA u3 5. Pre-tRNAAIu3 5,

made in vitro in the presence of [a-32P]UTP and SAM, was used as
a substrate for partially purified tRNA endonuclease and ligase as
described in Materials and Methods. The T1 digestion products were

separated as described in Material and Methods. (A) Fingerprint of

labeled RNase T1 oligonucleotides was used to confirm the
identity of RNAs produced by in vitro splicing (Fig. 5
through 8, Table 1). Since these RNAs are labeled with UTP
alone, only a subset of the oligonucleotides for tRNA3eu
were seen (7, 22, 23).

Figure 5 shows fingerprints of the Alu5-*3 precursor and
mature RNA. Four oligonucleotides differed between the
two sets of T1 cleavage products. Through splicing of the
precursor, three oligos, 6, 7, and 8, disappeared and a new

oligo, 15, appeared in mature tRNA. Oligonucleotides 7 and
8 represented intron and intron-3'-half junction sequences,
respectively. Oligo 6 contained the 3' terminus of the 5'
half-molecule. In mature tRNA, oligo 6 and the mature
portion of oligo 8 have been ligated to create oligo 15. The 5'
half-molecule terminated in a G residue (Fig. 1). In the
ligated mature tRNA, no RNase T1 cleavage occurred at this
position due to a 2'-phosphate at the spliced junction
(G.2pC). In vivo this phosphate is probably removed by an
as yet unidentified phosphatase. However, with the partially
purified splicing enzymes, little or no phosphatase activity
remains (7). Therefore, this junction is refractory to T,
cleavage.
The endonuclease cleavage products of pre-tRNAAlu5

preAtRNAAIu35. First-dimension electrophoresis was left to right;
second-dimension homochromatography was bottom to top. (B)
Cartoon identifying spots. The sequence of each spot is listed in
Table 1. Stippled spots, Intron or intron-exon junction; wzi, 5 '-half
tRNA molecules; , 3'-half tRNA molecules.
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FIG. 7. RNA fingerprinting of RNase T1 oligoribonucleotides derived from the in vitro splicing products of [a-32P]UTP-labeled
pre-tRNAMu35. Pre-tRNAMu35, made in vitro in the presence of [a-32P]UTP and SAM, was analyzed in vitro by using partially purified
tRNA endonuclease and ligase as described in Materials and Methods. RNAs were digested with RNase TI. The T1 digestion products were
resolved as described in Materials and Methods. (A) Splicing gel of pre-tRNAMu35. 2/3A, 2/3B, and 5'-half RNAs were identified initially
by size. Identity of numbered bands (1 through 4) is discussed in the text. E, Endonuclease alone; E + L, endonuclease plus ligase. (B) RNA
fingerprinting of 2/3A, 2/3B, and 5'-half RNAs. First-dimension electrophoresis was left to right; second-dimension homochromatography was
bottom to top. (C) Cartoon identifying spots. The sequence of each spot is listed in Table 1. Stippled spots, Intron or intron-exon junction;
V7a, 5'-half molecule; , 3'-half molecule.

are shown in Fig. 6 and 7. Comparing the RNase T1 pattern
generated from the Alu5-*3 and Alu3->5 precursor RNAs,
two changes were seen (Fig. 5 and 6). The migration of the
intron (oligos 7 and 7a) and intron plus 3'-half (oligos 8 and
8a) molecules was altered, reflecting their different size and
sequence (Table 1). The mature-domain oligonucleotides for
the two RNAs were identical.

Figure 7 shows a typical splicing assay with Alu3-*5 RNA
and the fingerprints of the labeled bands. The 5'-half tRNA
band showed the expected oligonucleotides for genuine 5'
half-molecules generated by endonuclease. Band two-thirds
A had a pattern consistent with its generation by cleavage
only at the 5' exon-intron jucntion, containing oligos indic-
ative of the total intron (oligo 7a), intron-3'-half junction
(oligo 8a), and 3' half (oligos 10 through 14). Similarly,
mature 3' half oligos were in the two-thirds B fingerprint.
However, only molar amounts of the 3' intron-exon junction
(oligo 8a) were seen. The intron-specific oligo 7a was present
in only trace amounts. The implies that the two-thirds B
molecule was generated either by cleavage within the intron
or by degradation.
The bands numbered 1 through 4 in Fig. 7A were also

analyzed. While their identity has not been precisely deter-
mined, they exhibited a pattern consistent with molecules

nicked in the 3' half (bands 1 and 2) and partial 5' half-
molecules (bands 3 and 4). The pattern of these aberrant
bands was generally consistent for a given mutant and is
probably a function of other endonuclease activities present
in the partially purified endonuclease and ligase preparations
used.

Figure 8 illustrates the fingerprints of the Alu3A-*5A
precursor and mature tRNA. As described above, after
splicing the intron and intron-exon junction olignucleotides,
6, 7b, and 8b, disappeared and the splice junction oligo, 15,
appeared. Again, this splice junction oligo was not cleaved
by RNase T1 due to the presence of a 2'-phosphate (G2pC).
Therefore, this precursor produced properly spliced SUP53
tRNA. The results of fingerprint analysis of the two-thirds
molecules generated by cleavage of Alu3A-*5A RNA were
in accord with the pattern elucidated for similar molecules
derived from 3-*5 cleavage (see Fig. 7).

Suppressor function of Alu and Stu intron mutants in vivo.
The altered genes were tested for their ability to produce
functional suppressor tRNA in vivo upon integration into the
S. cerevisiae genome (Table 2). In all cases, the suppressor
activity was assayed against the trpl-J(Am) marker of S.
cerevisiae SL183-21C. Cells were transformed with a linear
DNA fragment containing the SUP53 allele and the LEU2

5'HisftRNA
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marker. Leu' transformants were secondarily screened for

their ability to grow at different cell densities on minimal

medium minus tryptophan. The more efficiently the tRNA

suppresses the amber codon, the lower the cell density at

which growth is observed. The parent strain (SL183-21C)

exhibited no growth at any density tested.

The RNA processing and suppression phenotypes of

SUP53, Alu5--*3, AIVS, and INS mutants have been de-

scribed previously (29). Briefly, the down-suppressor phe-

notype of AIVS and Alu5--*3 is correlated with the lack of an

anticodon wobble base modification (C to 5-methyl-C). Only
the totally intact SUP53 pre-tRNA was methylated in thiis
position. Since none of these intron mutants contained the

anticodon modification (data not shown), the highest level of

suppression expected is that for AIVS or Alu5---3. There-

fore, the level of suppression seen with these additional

mutants presumably reflects the extent of other RNA proc-

essing steps, notably splicing.
The in vitro-nonspliced pre-tRNAs (Alu3--*5, Alu3--)5A,

Stu5--+3, and Stu3--*5) were null suppressors. The three

mutants, which exhibited inefficient splicing in vitro, showed

decreased suppressor function in vivo (Alu5U--+3U,
Alu3A--*5A, and Alu3A--)5). Furthermore, their level of

suppressor function was consistent with the amount of

mature tRNA produced in vitro. Alu5U--*3U precursor was

spliced and suppressed more- efficiently than Alu3A--+5A and

Alu3A--"5, which produced progressively less mature tRNA

(Fig. 3 and 4).

A
Pre.-tRNAAu3A5SA

t.4 4

p

B

C,.

tRNAAlu3A--,

00

FIG. 8. RNA fingerprinting of RNase T, oligoribonucleotides
derived from [ot-"P]UTP-1abe1ed pre-tRNA A1u3A-5A and mature

tRNAUASA Pre-tRNAAI3~A made in vitro in the presence of

[oi-3p]UTP and SAM, was spliced by using partially purified tRNA

endonuclease and ligase as described in Materials and Methods. The

T, digestion products were resolved as described. (A) RNA finger-

printing of pre-tRNAM3~A and mature tRNAAl3As. First-

dimension electrophoresis was left to right; second-dimension

homochromatography was bottom to top. (B) Cartoon identifying

spots. The sequence of each spot is listed in Table 1. Stippled spots,

Intron exon, or exon-exon (splice) junction; v7A 5'-half molecule;

is:, 3 '-half molecule. Asterisk (*) in the splice junction oligonucle-
otide indicates the presence of a 2'-phosphate which renders the

junction (G-P-pC) insensitive to RNase Tl.

TABLE 2. Suppressor function of Alu and Stu intron mutants in
vivo'

tRNA Splicingb Suppressionc

SUP53 Yes + +
A&IVS d +
Alu5--"3 Ye's +
Alu5U--*3U Yes (decreased efficiency) + +
A103-*5 No (2/3)
Alu3A--*5A Yes (decreased efficiency) +
Alu3A-")5 Yes (decreased efficiency)+1
A1u3-*5A No (2/3)
INS No
StuS--"3 No (2/3)
Stu3--*5 No (2/3)

aSuppressor function of SUP53 and Alu and Stu intron mutants was
quantified as described in Materials and Methods. S. cerevisiae SL183-21C
was transformed with a linear restriction fragment containing both the tRNA
gene and the LEU2 marker. Serial dilutions of cultures of Leu' transformants
were plated on minimal medium minus tryptophan to test their ability to
rescue the trpl -1(Am) marker. Twenty to 30 Leu' transformants from two
independent yeast transformations with each tRNA gene were tested. Plates
were scored for growth after 3 to 4 days at 30'C.

b As discussed in the text, decreased efficiency of splicing refers to the
production of both mature tRNA and two-thirds (2/3) molecules. 2/3 indicates
that the precursor evidences only inefficient cleavage at the 5' splice junction
and no significant amount of mature tRNA.

Strong suppressor (+++ ++ +), growth at low cell density (10' cells);
weaker suppressor (+++ +, + +, and +), growth only at a higher cell density
(103, 104, and 10' , respectively); extremely weak suppressor (+1-), marginal
growth; null suppressor (-), no growth at 10' cells. SL183-21C showed no
growth in the absence of tryptophan at any cell density.

d &IVS contains no intron.

DISCUSSION

Intron mutations can have a profound effect on the proc-
essing of a precursor into mature tRNA both in vitro and in
vivo. Each mutation was initially assayed by its ability to
serve as a splicing substrate in vitro. However, the in vivo
function of each tRNA faithfully reflected its splicing phe-
notype.

Unlike the numerous tRNA mutants that exhibit RNA-
processing defects (11-13, 18, 21, 35), these intron changes
did not alter the mature portion of the precursor. Rather, at
this level of detection, these mutant pre-tRNAs were effi-
ciently end-processed. As previously noted (29), the activity
of the end-maturation enzymes is a sensitive indicator of
appropniate mature-domain structure. Rather, the splicing
pattern of these mutants was affected by changes only in the
intron itself. Single-nucleotide changes can have a drastic
effect on the predicted secondary structure of the intron
(Fig. 9). Additionally, while tRNA precursors exhibit no
sequence conservation at exon-intron junctions or within
introns (20), certain primary sequences at these junctions
may be inappropriate.
These data imply that the most sensitive step in tRNA

splicing is endonucleolytic cleavage. As seen in Fig. 2
through 4, all the appropriate half-molecules were ligated; in
no case was the ligation step obviously inhibited. Rather, all
poorly spliced or unspliced precursors were blocked in the
production of 3' half-molecu'les. With every defective splic-
ing mutant, the products of inefficient cleavage at the 5'
splice junction were seen (5' half-molecules and two-thirds
molecules). The products of cleavage solely at the 3' splice
junction were never detected.

While the mechanism of tRNA half-molecule ligation in S.
cerevisiae is well characterized (7, 23a), similar information
about the endonuclease is limited (22). Furthermore, little is

MOL. CELL. BIOL.



INTRON MUTATIONS IN YEAST SUP53 AFFECT tRNA SPLICING 2681

Alu 5-'o3 @
(Alu 5u-.'3u)

(-8.0) 5G3C'
C-G
C-G
U-A
G-C
A-Uc/

A(U)
U_AA
U-A
C-G
U U
A-U

AG-CU(U)A A
A U

Alu3--5 e
(-4.7)

GC-G3
C-G
U-A
G-C

UA-UC
r _-CU u>A- UU
_G-U

U-A
A-U

UU-AG
UC AA

Alu3A-a-5A @
(-4.1)

5GC-G3
C-G
U- A
G-C
A-Uc-

AuU AU
u_AAU-A

AA UU-0A U

Alu 3A--5 @
(-7.4)

5GC3'GC-Gs
C-G
U-A
G-C

kU-A \lA-U

G-U
U-A
A-U

UU-AG
UC AA

Alu3--5A G
(-4.2)

Gc G3
C-G
U-A
G-C

UA-U
cU
AGC_

UA-UU
U A
Uc Au

AAG

FIG. 9. Computer-generated secondary structures of Alu family mutants. The secondary structures of Alu family mutant precursor tRNAs
anticodon stem-intron region were determined with the RNA secondary structure program of Zuker provided by the BIONET National
Computer Resource for Molecular Biology. + and -, Splicing phenotype of each mutant. Numbers in parentheses indicate the free energy
calculated for the structure shown. The anticodon (CUA) is indicated in each structure; arrows indicate known or predicted splice junctions.

known about the interaction(s) between these enzymes and
their substrate. Therefore, the important features for endo-
nuclease-substrate recognition and cleavage has been in-
ferred from the common features of the substrates.
By analogy to other tRNA maturation enzymes, endonu-

clease must recognize the structure of the mature domain of
the precursor, which retains the conserved conformation
determined for mature tRNAPhe (10). For instance, endonu-
clease activity is inhibited by mature tRNA (P. Green and J.
Abelson, unpublished observation). The mutations which
prevent splicing in vivo map to the D stem-loop, the variable
stem-loop, and the anticodon stem (2, 16, 18). Therefore, the
conserved position of the intron and the constant length of
the anticodon stem in precursor tRNAs (19, 20) have been
deemed important for correct endonuclease cleavage. Nei-
ther feature was affected by these mutations, nor was the
mature domain altered.

Additionally, the S. cerevisiae pre-tRNA introns have a
common structure (14, 19, 20, 31). Each intron folds to form
an extension of the anticodon stem. The splice junctions are
generally in single-stranded loops and are a constant dis-
tance apart (6 base pairs [9]). This extended anticodon stem
is stabilized by base-pairing between the anticodon and the
intron, allowing the stem residues to be highly base-stacked
while the loop nucleotides are not. Previously, we showed
that disruption of anticodon-intron complementarity was not
sufficient per se to inhibit splicing of a precursor tRNA (29).
Otherwise, this precursor conforms to the expected struc-
ture. In contrast, two S. pombe intron-containing precursors

were inefficiently spliced in S. cerevisiae extracts. It has
been suggested these pre-tRNAs do not form a stable
extended anticodon stem (6, 30).
The two intron families (5- 3 and 3-+5) presented here

retained the potential to form such a stable extended stem.
However, the secondary structures of these mutants predict
that only a subset actually form the structure. Alu5- 3,
AluMU, and Alu5U-*3U pre-tRNAs conformed to the ex-
pected structure (Fig. 9), and these precursors were readily
spliced (Fig. 2 and 3). In contrast, two unspliced precursors
(Alu3-*5 and Alu3->5A) exhibited severe distortion of the
extended stem. These precursors were predicted to form a
large, single-stranded loop 5' of the intron. Formation of this
loop places the 5' splice junction in a double-stranded
region. However, these mutant RNAs were inefficiently
cleaved at the 5' junction, suggesting that its conformation is
less critical. For instance, the most stable structure for S.
cerevisiae pre-tRNA[fflu (20) places the 5' splice junction in
a double-stranded region.

Perhaps a more critical consequence of the predicted stem
distortion is its effect on the 3' splice junction. The precur-
sors which produced mature tRNA (Alu5-*3, AluMU,
Alu5U-*3U, and Alu3A- 5A) had substantial single-
stranded regions at the 3' splice junction; loops were con-
sistent with those observed among the natural S. cerevisiae
precursors (20). Furthermore, the distance between the two
splice junctions was consistent with that predicted for the
natural pre-tRNAs (9). In contrast, the unspliced mutant
pre-tRNAs (Alu3-*5 and Alu3--5A) exhibited severe alter-
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ation of the 3' junction. In the extreme case, Alu3--5A
lacked any single-stranded region at this junction, and the
two splice junctions were virtually apposed. Pre-tRNAAlu35
formed an unusually small junction loop, and the distance
between the junctions was significantly smaller. The smallest
3' loop size predicted for an S. cerevisiae pre-tRNA is three
nucleotides (20). An unspliced mutant of pre-tRNA3eu has
only a 2-nucleotide 3' junction loop (25). Furthermore, by
precise deletion at the 3' splice junction of pre-tRNAPrO,
Knapp and co-workers have shown that 2 nucleotides is the
minimum loop size for total endonuclease cleavage (G.
Knapp, personal communication).
One apparent exception among the mutated precursors

was Alu3A->5. This spliced RNA contained only 1 non-
base-paired nucleotide at the 3' junction. The distance
between the splice junctions was not significantly different
from that predicted for its unspliced parent. While this
precursor did form a very stable extended anticodon stem, it
was very inefficiently spliced both in vitro and in vivo.

Since knowledge about the mechanism of endonuclease
cleavage is limited, the precise order of cleavage events, or
whether there is an obligate order, is unknown. Peebles et al.
(22) noted the appearance of presumptive two-thirds mole-
cules in vitro from a natural pre-tRNA. Analysis of these
molecules showed that they were derived by a single cleav-
age at the 3' splice junction (P. Hellung-Larsen, C. L.
Peebles, and J. Abelson, unpublished observations; cited in
reference 23). In contrast, the two-thirds molecules exam-
ined in this study were generated by a single cut at the 5'
junction. Whether either of these represents true reaction
intermediates cannot be elucidated at this time. However,
the two-thirds molecules derived from mutant precursors
emphasize that cleavage at the 5' junction must be less
affected by intron alterations.
A final point to consider in a structural analysis of these

intron-mutated precursor tRNAs is the effect of ligands
which are known to interact with a tRNA molecule.
Polyamines and magnesium ions are critical for the mainte-
nance of mature tRNA tertiary structure (10, 24). The
pattern of precursor residues sensitive to structure-probing
nucleases differs when magnesium or spermidine is present
(14). Peebles et al. (22) found that spermidine is necessary
for correct cleavage by tRNA endonuclease. Both Mg2+ and
spermidine were present in all the cleavage-ligation assays
presented here. However, no change in the cleavage pattern
of Alu5-*3 or Alu3--5 precursor was observed after the
magnesium or spermidine concentration was varied over a
broad range (data not shown).
These results are consistent with the idea that correct,

efficient splicing is dependent on the intron's forming a
stable extension of the anticodon stem and retaining the 3'
splice junction in a single-stranded region. However, the
Alu5U--3U and Stu5-3 mutant precursors suggest that the
primary sequence at the 3' splice junction may be important
per se. The predicted secondary structures for these mutants
conform to that exemplified by the readily spliced Alu5-*3
precursor. However, the Stu mutant was cleaved only at the
5' junction, and the Alu5U-*3U was spliced less efficiently
(Fig. 2 and 3). While the splice junction sequences of the Alu
mutant are not unique, the G-G 5' and C-C 3' Stu mutant
junctions are not found among the natural pre-tRNAs (20).
Raymond and Johnson (25) have reported that a mutant with
a similar 3' splice junction was refractory to the splicing
enzymes. Therefore, these data suggest that the splice
junction-proximal primary sequence may prove to be critical
for endonuclease recognition and cleavage.
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